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Abstract
Radiocarbon (14C, t1/2 = 5700 ± 30 years) is probably the radionuclide with the most ver-
satile applications, spanning from archaeology to geoscience and medicine. Many of these
applications are finally limited by the minimum amount of carbon in which the isotopic ratio
14C/12C can be measured. The required carbon sample size has dramatically decreased with
the development of Accelerator Mass Spectrometry (AMS), typically from gram amounts for
the classical beta counting method to about 1milligram for AMS. The current work presents
a further reduction into the few-µg carbon range. This means a decrease by a factor of one
million compared to classical beta counting and is essential for the field of retrospective birth
dating of human cells by means of radiocarbon from above-ground nuclear weapons testing
between 1955 and 1963. The determination of 14C levels in genomic DNA can be used to
retrospectively establish the birth date of cells in the human body. The main motive of the
current work was to reduce the amount of carbon required for reliable 14C measurements to
such an extent that investigations of neurons of particularly interesting small sections of the
human brain (e.g. the olfactory bulb, bulbus olfactorius) were possible.
In-depth investigations and development of 14C AMS sample preparation and measurement
methods for µg-size DNA samples were carried out in close collaboration with the Department
of Cell and Molecular Biology of the Karolinska Institute in Stockholm. As the most significant
result, 14C measurements of 4.6 µg carbon DNA samples were performed with an overall
precision of 2.3%. This allowed to study neurogenesis in the human olfactory bulb, which
turned out to take place primarily at birth. Assuming throughout life a constant annual
renewal rate of neurons in the human olfactory bulb, an upper limit of 0.34% for the renewal
rate (95% confidence) was determined.
At the Vienna Environmental Research Accelerator (VERA) the µg carbon samples were
prepared as graphite. A comparison of graphite measurements at VERA with measurements
of CO2 at a new gas ion source at a MIni radioCArbon DAting System (MICADAS) of
the Laboratory of Ion Beam Physics of the ETH Zurich was carried out. The high level of
agreement reached for 14C measurements of split CO2 sample material (at VERA reduced to
graphite) supports 1% measurement precisions for 10µg C samples at both laboratories.
Independent from the DNA measurements, the developed AMS sample preparation and
measurement techniques for µg-size carbon samples were also applied to 14C dating of several
small pieces of catgut string from a highly valuable astronomical clock built in the 16th century.
In addition, 14C analysis of dissolved and particulate organic carbon at the microgram level
from Alpine glacier and cave ice were conducted in collaboration with scientists investigating
ice climate records at the Institute for Environmental Physics of the University of Heidelberg.
Overall, the current work has established a reliable method to perform 14C AMS measure-
ments at the level of a few µg carbon, applying it to biological samples (DNA) as well as to
samples of archaeological and geophysical significance.
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Kurzfassung
Radiokohlenstoff (14C, t1/2 = 5700 ± 30 a) hat vielseitige Anwendungen von der Archäologie
über die Erdwissenschaften bis zur Medizin, wobei in vielen Fällen die minimale Kohlenstoff-
menge, in welcher das Verhältnis 14C/12C noch messbar ist, eine Limitierung darstellt. Mit
der Einführung von Beschleuniger-Massenspektrometrie (Accelerator Mass Spectrometry =
AMS) wurde die für eine Messung benötigte Menge an Kohlenstoff von einigen Gramm (Zer-
fallszählung) auf circa ein Milligramm (AMS) reduziert. Die vorliegende Arbeit stellt eine
weitere Reduktion auf ein Millionstel der für Zerfallszählung benötigten Probengröße hin zu
wenigen µg Kohlenstoff dar. Dies ist zur Bestimmung des Entstehungszeitpunkts von men-
schlichen Zellen mittels 14C von atmosphärischen Kernwaffentests in den Jahren 1955 bis 1963
von entscheidender Bedeutung. Die Messung des 14C Anteils in genomischer DNA erlaubt
eine Altersbestimmung von Zellen. Das wesentliche Ziel dieser Arbeit stellt die Reduktion der
benötigten Kohlenstoffmenge für zuverlässige 14C Messungen in einem Ausmaß dar, das die
Untersuchung von besonders interessanten und kleinen Bereichen des menschlichen Gehirns
(z. B. des Riechzentrums, bulbus olfactorius) möglich macht.
Detaillierte Untersuchungen und die Weiterentwicklung von 14C AMS Probenaufbereitungs-
und Messmethoden für µg DNA Proben wurden in Zusammenarbeit mit der Abteilung für
Zell- und Molekularbiologie des Karolinska Instituts in Stockholm durchgeführt. Das bedeu-
tungsvollste Resultat stellen 14C AMS Messungen an 4.6 µg C von DNA Proben mit einer
Gesamtpräzision von 2.3% dar. Diese Messungen ermöglichten die Untersuchung von Neuro-
genese im menschlichen bulbus olfactorius, wobei festgestellt wurde, dass diese überwiegend
bei der Geburt stattfindet. Eine obere Grenze für eine durch das gesamte Leben hindurch
konstant angenommene jährliche Zellerneuerungsrate von Neuronen im menschlichen bulbus
olfactorius von 0.34% (95% Konfidenzintervall) konnte dadurch bestimmt werden.
Für Messungen am Vienna Environmental Research Accelerator (VERA) wurde das Proben-
material als Graphit aufbereitet. Ein Vergleich der Messungen bei VERA mit Messungen
von CO2 mittels einer neuen Gasionenquelle an einem MIni radioCArbon DAting System
(MICADAS) des Labors für Ionenstrahlphysik der ETH Zürich, wurde durchgeführt. Der hohe
Grad an erzielter Übereinstimmung der 14C Messungen von aufgeteiltem CO2 Probenmate-
rial (bei VERA zu Graphit reduziert) bestätigt Messunsicherheiten von nur 1% für 10µg C
Proben in beiden Labors.
Unabhängig von den DNA-Messungen wurden die entwickelten AMS Probenaufbereitungs-
und Messmethoden für µg C Proben auch für die 14C Datierung mehrerer kleiner Stücke
einer Darmsaite aus dem Antrieb einer astronomischen Uhr aus dem 16. Jhdt. angewandt.
In Zusammenarbeit mit Wissenschaftlern aus dem Gebiet Klima und Eis des Instituts für
Umweltphysik der Universität Heidelberg wurden außerdem 14C Analysen von gelöstem und
partikulärem organischen Kohlenstoff im µg Bereich aus alpinem Gletscher- und Höhleneis
durchgeführt.
Die vorliegende Arbeit etabliert eine zuverlässige Methode zur Durchführung von 14C AMS
Messungen von wenigen µg Kohlenstoff, sowohl von biologischen Proben (DNA), als auch von
Proben archäologischer und geophysikalischer Bedeutung.
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Part I.
Scientific Background
“Science is built up of facts, as a house is built of stones; but an accumulation of facts
is no more a science than a heap of stones is a house.”
Henri Poincaré, French mathematician & physicist (1854 - 1912)
(Poincaré, 1905, pg. 141)

1. Radiocarbon
Natural carbon comprises three isotopes: stable 12C and 13C as well as the radioactive
isotope 14C, radiocarbon. The isotopic abundance of the stable isotopes is 0.989 (12C)
and 0.011 (13C), whereas the abundance of 14C is only 1.2× 10−12. Today the half-
life of 14C is often quoted as t1/2 = 5700 ± 30 years (Roberts and Southon, 2007).
Radiocarbon undergoes a β− decay with an energy release of 156 keV, see equation 1.1
and Figure 1.1.
14C −→ 14N + e− + ν¯e (1.1)
The half-life of 14C
Historically slightly different 14C half-lifes were published and used (Ajzenberg-Selove,
1991; Holden, 1990; Johnson, 1965; Godwin, 1962; Libby, 1952; Arnold and Libby,
1949). Roberts and Southon (2007) state 5700 ± 30 years as the nowadays accepted 14C
half-life with reference to the National Nuclear Data Center, Brookhaven National Lab-
oratory, United States. The National Nuclear Data Center states this value (National
Nuclear Data Center, 2010), with reference to Ajzenberg-Selove (1991), which however
states 5730 ± 40 years as the half-life of radiocarbon. Also more recently published
half-lifes are based on 14C half-life measurements performed before 1972 (Emery et al.,
1972; Bella, 1968; Hughes and Mann, 1964; Olsson et al., 1962; Mann et al., 1961; Watt
et al., 1961). Calculating the 1/σ2 weighted mean from Bella (1968); Hughes and Mann
(1964); Olsson et al. (1962); Watt et al. (1961) results in a half-life of 5692 ± 48 years.
t1/2 = 5730 a
14
6C
Q= 156.5 keV
100%
β−
0
0
14
7N
Figure 1.1.: 14C decay scheme based on Ajzenberg-Selove (1991).
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Recently, the possibility that the half-life may actually be 15% longer has been dis-
cussed (Broecker and Barker, 2007; Chiu et al., 2007).
The absolute value of the half-life of radiocarbon is actually not important for radio-
carbon dating because the 14C content of a sample of unknown age is matched with the
14C content of a sample with known age (e.g. tree rings).
Willard Frank Libby (1908 - 1980) received the Nobel Prize in chemistry in 1960
“for his method to use carbon-14 for age determination in archaeology, geology, geo-
physics, and other branches of science”
(Nobel Foundation, 1964).
The radiocarbon dating of the Shroud of Turin (Damon et al., 1989) and the Ötztal Ice
Man (Bonani et al., 1994; Hedges et al., 1992) belong to the most famous applications
of 14C analysis.
1.1. Radiocarbon production mechanisms
1.1.1. Cosmic radiation
14C is naturally produced as a consequence of the interaction of cosmic radiation with
the atmosphere (Libby, 1946). Primary cosmic rays (∼ 90% protons) produce secondary
neutrons by spallation of nuclei of the atmosphere. On the average the neutrons pro-
duce 2 to 3 spallation reactions before beeing captured as thermal neutrons, mainly
by the nuclear reaction 14N(n, p)14C (Lal and Peters, 1967). The nuclear reactions
16O(n, 3He)14C, 17O(n, α)14C, 15N(n, d)14C, 13C(n, γ)14C and spallation of 20,21,22Ne also
contribute to the production of 14C from cosmic radiation, however their reaction rates
are orders of magnitude smaller. 14C production rates are dependent on the geomagnetic
field intensity and solar activity which cause a local and temporal variable magnetic
shielding of cosmic rays (Lal and Peters, 1967; Lingenfelter, 1963). The latitudinal
and global average production rate in the Earth’s atmosphere for long term mean solar
activity and present geomagnetic field intensity is 2.02 14C atoms per second per square
centimeter of the earth’s surface (Masarik and Beer, 1999).
1.1.2. Atmospheric nuclear weapons tests
Neutrons from atmospheric nuclear weapons tests produced 14C primarily in the nuclear
reaction 14N(n, p)14C analogous to cosmic ray production of 14C.
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Compilations of nuclear weapons tests including dates, type of tests and yields are
published (UNSCEAR, 2000). A compilation of neutron production rates in atmo-
spheric nuclear weapons tests however has not been published. It is generally assumed
that 14C production in an atmospheric nuclear weapons test is proportional to the ex-
plosive force of the tested weapon. Naegler and Levin (2006) state production rates
from (1.04 to 1.72) × 1026 14C atoms per Mt TNT explosive force, depending on the
used nuclear weapons tests compilation. 1× 1026 atoms of 14C equal about 2.3 kg 14C.
The stated estimates result in a total 14C production due to nuclear weapons tests of
(598 to 632) × 1026 14C atoms (Naegler and Levin, 2006), equalling 1390 to 1470 kg
radiocarbon.
The increasing 14C abundance in the atmosphere and biosphere due to nuclear weapons
testing was reported first in 1957 as “Atom Bomb Effect” (Rafter and Fergusson, 1957).
The 14C production caused by atmospheric nuclear weapons tests led to a doubling of
the atmosphere’s 14C content in 1963. This is commonly called the 14C bomb peak (sec-
tion 2.2). A comparison of anthropogenic and natural 14C production is given in Table
1.1.
1.1.3. Nuclear industry
14C is a radionuclide of concern in nuclear power production. 14C is produced in light-
water reactors by the nuclear reaction 17O(n,α)14C in oxides of fuels, moderators and
coolants. Other possible but not so important ways of producing 14C are by the (n,p)
reaction with 14N and by the (n,γ) reaction with 13C (Erlandsson et al., 1992). 14C is
present in virtually all parts of nuclear reactor primary systems. It is released mainly
as airborne gaseous eﬄuents through the stacks. 14C is furthermore released to the
environment through liquid discharges and the disposal of solid radioactive waste. The
14C discharged with liquid and solid wastes is < 5% of the gaseous discharge. It is
mostly released as 14CnHm whereas 14CO2 plays a minor role (Veres et al., 1995). At
present, nuclear reactors constitute the only major source of anthropogenic 14C since
nuclear weapons testing is no longer continued at a substantial extent (section 2).
Not all the 14C produced by reactors has the potential to become bioavailable since
engineered structures are in place to minimize releases to the environment (Yim and
Caron, 2006). Some studies however show a 14C excess of up to 50% compared to local
background levels in areas close (< 10 km) to nuclear power generation (Bronić et al.,
2009; Dias et al., 2009).
The annual radiocarbon production rate caused by nuclear industry is approximately
one sixth of the cosmic ray production (Table 1.1).
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Table 1.1.: Estimate of global 14C production rates (Naegler and Levin, 2006).
Natural 14C production
Cosmic ray production 2.9 − 3.3 × 1026 atoms/a
Anthropogenic 14C production
Atmospheric nuclear weapons tests 598 − 632 × 1026 atoms total
Nuclear industry (in 2005) 0.57 × 1026 atoms/a
1.1.4. In-situ production
In the shallow lithosphere (in the upper two meters) spallation of O by high-energy
secondary cosmic-ray neutrons and muon-capture are the dominant production mecha-
nisms for 14C. Primary production reactions are 16O(n,3He)14C, 16O(µ−,pn)14C,
14N(n,p)14C and 17O(n,α)14C. In surface rocks the equilibrium abundance of 14C due
to spallation of O is about 200 000 atoms/g, the one of muon-capture production about
11 000 atoms/g. This equilibrium abundance is approximately independent of the rock
type (Fabryka-Martin, 1988).
In ice, in situ cosmogenic 14C is produced mainly by nuclear spallation of oxygen.
Observed 14C concentrations in polar ablation ice are (1 to 3) × 103 atoms per g ice,
beeing three orders of magnitude higher than expected from the trapped atmospheric
CO2 in this ice (Lal et al., 1990).
1.2. Reporting carbon isotope data
In common usage carbon isotope data derived from Accelerator Mass Spectrometry
(AMS) measurements are reported based on the isotopic ratios 13C/12C and 14C/12C
given in atom/atom ratios.
1.2.1. Isotopic ratio 13C/12C
In nature the stable isotopic ratio 13C/12C is approximately (see above)(13C
12C
)
natural
≈ 0.01. (1.2)
Stating 13C/12C ratios in this notation does not allow for a convenient comparison and
distinction when working with natural samples since variations in nature are rather
small compared to the absolute value of the isotope ratio 13C/12C. Therefore it is
common to give the relative deviation of the isotopic ratio 13C/12C compared to a
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reference isotopic ratio, denoted as δ13C. Based on Hut (1987) δ13C calculates according
to equation 1.3.
δ13C =
( 13C
12C
)
sample(
13C
12C
)
VPDB
− 1 (1.3)
“Since δ-values are usually very small, it is customary to express these values in per
mille (h). Note that δ has a dimensionless value” (Hut, 1987).
The use of relative ratios allows to obtain higher precision in comparing isotopic
ratios than the use of absolute ratios since no reference material with exactly known
absolute 13C/12C ratio is available. In accord with the Hut (1987) recommendation of
the International Atomic Energy Agency (IAEA) it is requested that authors express
stable carbon isotopic ratios of all substances on a scale with respect to Vienna Pee
Dee Belemnite1 (VPDB). This scale is defined by adopting a δ13C value with respect to
VPDB of +1.95h for NBS19 2 carbonate (Wieser, 2006; Coplen, 1995). Stichler (1995)
recommended to introduce a second anchor for the VPDB δ13C scale. In 2004 the
IAEA defined such a second anchor: δ13C(L− SVEC lithium carbonate) = −46.6h
(Coplen et al., 2006). The 13C content in natural materials typically varies between
δ13C= −40h and +5h (Stosch, 1999).
1Vienna Pee Dee Belemnite: Pee Dee Belemnite (PDB) was the primary reference material for mea-
suring natural variations of 13C/12C isotopic ratios (Craig, 1957). It consists of calcium carbonate
from cretaceous belemnite guard from the Pee Dee Formation in South Carolina (USA). PDB re-
serves have been exhausted for a long time. In recognition of the role that the International Atomic
Energy Agency (IAEA), located in Vienna, has played in redefining the PDB scale, the new scale is
termed ’VPDB’ (Vienna PDB, Werner and Brand (2001)). The VPDB scale for reporting 13C/12C
ratios was defined by assigning an exact δ-value (relative to VPDB) to the new anchor NBS19
(footnote below). “PDB and VPDB are virtually identical, but the use of non-existing VPDB
as a reference implies that the measurements have been calibrated through NBS19” (Hut, 1987).
Nowadays the VPDB scale is defined by two primary reference materials. The reference material
available at the International Atomic Energy Agency (IAEA) in Vienna (Austria) is calibrated
against VPDB ((13C/12C)V PDB = 0.0112372, EU-commission (2003)).
2NBS19 limestone: reference material 8544 from the National Institute for Standards and Technology
(NIST), named after the former institute name National Bureau of Standards (NBS). This reference
material nowadays defines the VPDB scale for carbon isotope ratios. It also defines the VPDB scale
for oxygen isotope ratios in carbonates. The equivalent name for this reference material, as used by
the IAEA (IAEA, 1993) and the United States Geological Survey (USGS), is NBS19. This material
was also formerly called TS Limestone. Exact values that form the basis of the VPDB scales for C
are stated in the text. NBS19 also defines the VPDB oxygen scale δ18O(NBS19) = −2.2h (Wise
and Watters, 2007).
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1.2.2. Isotopic ratio 14C/12C
Tropospheric radiocarbon abundances in CO2 were within 5% almost constant during
the last 5000 years (Reimer et al., 2004a). This statement is not valid for the bomb
peak era (section 2.2). The natural equilibrium isotopic ratio 14C/12C in CO2 of the
troposphere was approximately(14C
12C
)
CO2, troposphere before 1950
≈ 1.2 × 10−12. (1.4)
Certain procedures are recommended when reporting 14C measurement data to avoid
ambiguities. These are most often caused by minor discrepancies in calculating mea-
surement results, depending on personal interpretations, giving results that are not
always useful for inter-laboratory comparisons. Stuiver and Polach (1977) and Stu-
iver and Robinson (1974) discuss the reporting of 14C data and recommend to report
14C activities relative to the absolute international standard activity Aabs. The abso-
lute international standard activity Aabs is based on the activity AON which is 95% of
the measured net activity of NBS oxalic acid I3 AOx normalized for 13C fractionation
(section 1.3.4). The activity AON calculates according to
AON = 0.95AOx
(
1 − 2 (19 + δ
13C)
1000
)
. (1.5)
The δ13C values that are used for the isotope fractionation correction are given in per
mil deviation from the PDB4 standard: δ13C =
(( 13C
12C
)
sample
/
( 13C
12C
)
PDB
− 1
)
× 1000
(Stuiver and Robinson, 1974).
The absolute international standard activity Aabs is the activity AON corrected for
decay between 1950 and the actual year of measurement y :
Aabs = AON eλ (y− 1950) with λ =
1
8267 a
−1 . (1.6)
Stuiver and Polach (1977) recommend to correct a measured 14C sample activity AS
for fractionation (section 1.3.4). The normalized sample activity ASN , corrected for
fractionation (using a 13C baseline of δ13C = −25h with regard to PDB4), calculates
to
ASN = AS 0.9752 / (1 + δ13C/1000)2 ≈ AS
(
1 − 2 ( 25 + δ
13C)
1000
)
. (1.7)
3NBS oxalic acid I : International standard radiocarbon reference material (NBS nomenclature NBS
SRM 4990B). The absolute 14C/12C ratio of NBS oxalic acid I was measured in 2006 by Roberts
and Southon (2007): 14C/12C(NBS oxalic acid I in 2006)= 1.236 × 10−12.
4Note that in 1977, when Stuiver and Polach (1977) discussed the reporting of 14C data, the δ13C
scale was defined through the original PDB material. VPDB was introduced only in 1987 (Hut,
1987).
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Thus no correction for isotope fractionation is needed for materials with δ13C = −25h.
Stuiver and Polach (1977) furthermore recommend to state results based on the ratio
ASN/Aabs. This ratio is dependent on the year of measurement. The most common
term used in this perspective today is ∆ 14C. It is defined by Stuiver and Polach (1977)
as
∆ 14C = (ASN/Aabs − 1) × 1000h . (1.8)
The current work will state all radiocarbon isotopic 14C/12C ratios based on the ratio
ASN/AON . Among other notations this ratio is called Fraction modern (Fm, Reimer
et al. (2004b)), percent Modern Carbon (pMC, Mook and van der Plicht (1999)) or
F 14C (Reimer et al., 2004b). Results stated in this way are independent of the year of
measurement since they are normalized to a standard material decaying parallel to the
sample with unknown 14C content. Results stated as F 14C are also independent of the
absolute value of the half-life of radiocarbon. A result displayed as F 14C is calculated
as
F 14C = ASN/AON . (1.9)
The year of measurement becomes unimportant when using this notation provided that
the sample and standard 14C/12C ratio used for normalization is measured at the same
time.
Frequently the term “radiocarbon age” is used. It is defined as the age, t, of a sample
before 1950 AD5 and calculates according to Stuiver and Polach (1977):
t = − 8033 ln ASN (in1950)AON (in1950) . (1.10)
14C/12C ratios in this dissertation are stated in F 14C only. The use of F 14C is
recommended for post-bomb 14C data by Reimer et al. (2004b). However also the
nowadays most widely used radiocarbon age calibration (section 1.4) program in ar-
chaeological 14C dating, OxCal, in its current version allows for input of 14C data as
F 14C (Bronk Ramsey, 2009). The scientific community utilizing radiocarbon measure-
ments uses not only F 14C but also various different terms, e. g. pMC, to report 14C
measurement results (Reimer et al., 2004b).
5Anno Domini (AD), years in the Gregorian calendar.
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1.3. Measuring 14C
The unknown 14C content of a sample is usually measured relative to the known 14C
content of a standard material. This is important to achieve high precision results. It is
recommended to report results either directly or indirectly6 related to the radiocarbon
activity of the standard material NBS oxalic acid I (page 8; Stuiver and Polach (1977);
Olsson (1970)).
1.3.1. β-decay counting
β-decay counting of radiocarbon is based on detecting the electron e− emitted during
the β−-decay of 14C. The emitted e− has an energy of up to 156.5 keV (Figure 1.1).
The radiocarbon age (and F 14C respectively) of samples of unknown 14C content can
be determined by measuring sample and standard activities, given that the carbon
masses of unknown samples and standard reference materials are known.
In the beginning of radiocarbon activity measurements, solid sample material or a
gaseous sample (methane or carbon dioxide) was measured inside Geiger-Müller coun-
ters. Typical counting rates were in the range of several counts per second and gram
carbon (Bowman, 1990; Hut et al., 1986; Eidinoff, 1950; Anderson et al., 1947).
A decay counting technique with improved efficiency represents liquid scintillation
counting (Devine and Haas, 1987; Pringle and Turchinetz, 1955). Radiocarbon decay
detection efficiencies of nearly 100% are achieved. To reduce the 14C background low
level counting equipments are installed in shielded rooms and work with ventilated
counting chambers and 14C coincidence detection logics (Polach, 1987). Radiocarbon
measurements are nowadays mostly Accelerator Mass Spectrometry (AMS) measure-
ments (section 1.3.2), since the required sample mass is much smaller compared to
alternative methods and measuring times are significantly reduced. Nevertheless, ap-
plications of liquid scintillation counting and measurements in proportional counters
(Houtermans and Oeschger, 1955) are still applied nowadays for high-precision 14C
measurements (Bronić et al., 2009; Levin and Kromer, 2004; Levin et al., 1980; Schoch
et al., 1980).
At the Institut für Radiumforschung in Vienna a proportional counter for β-decay
counting of radiocarbon was installed in the early 1960s. It was operated by Heinz
6The standard reference material NBS oxalic acid I is no longer commercially available. A new
standard reference material NBS oxalic acid II (NIST nomenclature SRM 4990C) was issued by
NBS. An international laboratory intercomparison was conducted to identify the standard isotopic
ratios of this new reference material (Mann, 1983; Rasberry, 1983).
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Felber and Edwin Pak for about 40 years until 2004. The proportional counter tube
had a volume of 4 l which was filled for standard and background measurements as
well as for unknown sample measurements with 1.5 bar methane (equalling about 3 g
carbon). Samples of smaller size were measured with the addition of ’dead’ carbon
methane (F14C= 0.00) to reach the same total methane pressure. When the Institut
für Isotopenforschung und Kernphysik (a successor institute of the Institut für Radi-
umforschung) was relocated from the Boltzmanngasse 3 to the Währinger Straße 17 in
2004, the equipment was disassembled and handed over to Technisches Museum Wien
(Edwin Pak and Walter Kutschera, personal communication, 2011).
1.3.2. Accelerator Mass Spectrometry
Radiocarbon measurements with Accelerator Mass Spectrometry (AMS) were first per-
formed in 1977 at a cyclotron (Muller, 1977) and at tandem accelerators (Bennett et al.,
1977; Nelson et al., 1977; Purser et al., 1977). A summary of these early attempts was
presented at the First Conference on Radiocarbon Dating with Accelerators held at the
University of Rochester in 1978 (Gove, 1978). The 14C/12C ratio is calculated based
on ion beam measurements. Essentially all 14C measurements are nowadays performed
at tandem accelerators (see section 6 for details). Radiocarbon samples measured with
AMS are usually prepared as graphite. The sample material is sputtered in a negative
ion Cs sputter source. A first mass spectrometer selects negative ions of mass 14 in
the extracted ion beam. Molecular isobars and radiocarbon are accelerated to the ter-
minal of the tandem accelerator and stripped to positive ions. These are accelerated
again and a second mass spectrometer separates fragments of molecules destroyed in
the stripping process from radiocarbon. Radiocarbon ions are then counted by means
of a semiconductor or gas ionization detector. Fast beam sequencing systems allow to
measure 12C and 13C currents concomitantly for normalization.
Recently also measurements of gaseous CO2 samples became available, which have
been successfully developed during the last decades (Ruff et al., 2007; Bronk Ramsey
and Hedges, 2004, 1990), but are however not yet widely used.
The advent of AMS some 30 years ago has revolutionised radiocarbon dating. The
required carbon sample size was reduced thousand fold (from gram to milligram) as
compared to the earlier established beta-counting method (Hedges, 1987). In the cur-
rent work the reduction in sample size compared to β-decay counting is approximately
one million (gram to µg).
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1.3.3. Intracavity Optogalvanic Spectroscopy
Murnick et al. (2007) and Murnick et al. (2008) present a laser-based analytical tech-
nique for 14C detection. Lasing transitions in 14CO2 well separated in wavelength
from any transition in 12CO2 or 13CO2 exist due to large isotope shifts in vibrational-
rotational transitions in carbon dioxide. Utilizing a 14CO2 laser (with a total 14C content
of about 0.2mg 14C) allows to measure 14C/12C ratios comparable to AMS. Murnick
et al. (2010) states obtained limits of detection for this method near 10−15 14C/12C
ratios. Applications of this new technique, however, have not yet been published.
1.3.4. Isotopic fractionation correction of radiocarbon measurements
In isotopic chemistry, fractionation describes the preference of a lighter or heavier iso-
tope of the same chemical element during chemical reactions. In general, fractionation
effects are more pronounced in light elements where the relative mass differences be-
tween isotopes are larger than in heavier elements. Different chemical histories of sample
material require to correct measured isotopic ratios for fractionation before comparing
results of diverse samples and measurements, like it is done not only in radiocarbon
dating.
E.g. fractionation during photosynthesis is well known. C3 and C4 plants7 differ
significantly in their 13C content, even though they “feed” on the same CO2 from the
atmosphere.
The majority of plants (about 90%) are considered to be C3 plants and yield a
13C content of about δ13C = −28h, whereas C4 plants yield a 13C content of about
δ13C = −13h (Bowman, 1990; O’Leary, 1981). In biological pathways generally
lighter isotopes are enriched (Stosch, 1999).
Comparability of radiocarbon measurements requires to take into account isotopic
fractionation of sample material. By convention this is done by normalizing all sample
activities, irrespective of origin, to δ13C = −25h with respect to PDB. δ13C = −25h
is the postulated mean 13C content of terrestrial wood. The normalized sample activ-
ity ASN calculates according to equation 1.7 (Stuiver and Polach, 1977; Stuiver and
Robinson, 1974). This equation is based on the assumption that fractionation during
the sample’s pathway is proportional to the mass differences of the respective isotopes
and independent of their absolute mass (Stosch, 1999).
Fractionation also occurs during AMS measurement. Knowledge and correction for
7C3 and C4 plants: 3 and 4 denotes the number of carbon atoms in the generated carbohydrates after
the first step of carbon fixation during photosynthesis.
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this can be achieved by measuring not only the isotopic ratio 14C/12C in the mass
spectrometer but also the stable isotope ratio 13C/12C (Quarta et al., 2004).
The importance of fractionation correction in radiocarbon dating can be seen from
the fact that a difference in δ13C of 1h from δ13C = −25h corresponds to 16 years
in radiocarbon age (Bowman, 1990).
1.4. Radiocarbon dating
Willard Frank Libby first demonstrated the feasibility of radiocarbon dating (Libby,
1952; Arnold and Libby, 1949) by publishing a curve of “samples of known age” showing
known ages of samples and measured radiocarbon abundances. Arnold and Libby (1949)
assumed that the radiocarbon content in the troposphere was constant and made use
of a half-life of radiocarbon of 5720 ± 47 years. However soon natural radiocarbon
abundance variations were discovered by more precise radiocarbon measurements of
tree rings of known age (de Vries, 1958). Also the half-life used by Libby was replaced
by more recent measurements.
Nowadays radiocarbon dating is done by means of a calibration curve accounting
for temporal variations in natural radiocarbon abundances. In a calibration curve a
radiocarbon age which is deduced from the 14C/12C ratio measured for a sample material
is matched with an actual calendar date. The most recent radiocarbon calibration curve
is published by Reimer et al. (2009) and goes back until 50 thousand calendar years
before present. Efforts are undertaken (Balter, 2006) to extend the precision of the
radiocarbon calibration curve beyond the range of tree-ring availability (≈ 14 000 yr)
all the way to the limit of 14C (≈ 50 000 yr). Figure 1.2 shows the calibration of an
examplatory radiocarbon date using a section of the IntCal09 calibration curve (Reimer
et al., 2009). Changes in the natural tropospheric radiocarbon abundance can make
precise radiocarbon dating more complex. A time period well known for this difficulty
is the Hallstatt plateau between 2800 until 2400 BP8 (Figure 1.2).
1.5. The earth’s radiocarbon budget
1.5.1. The global carbon cycle
Carbon on earth exists in reservoirs consisting of fossil organic carbon and rock carbon-
ates, the atmosphere, the biosphere and the hydrosphere. The major active reservoirs
8BP (Before Present): Time scale used for radiocarbon dating. This time scale uses the year 1950 as
its origin (present).
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Figure 1.2.: Calibration of the radiocarbon ages 2620 ± 30BP (top) and 2460 ±
30BP (bottom) utilising the IntCal09 calibration curve (Reimer et al., 2009). The
calibration curve, plotted in blue, shows the relation of the radiocarbon age (ordinate)
and the actual calendar age (abscissa). The radiocarbon age probability density is
plotted in red. The related calendar age probability density is plotted in grey (95%
confidence interval). In the top case the result of 14C dating is a concise calender
age. In the bottom case the calibrated calender age spreads over several hundred
years, the so-called Hallstatt plateau. The diagrams are created by OxCal v4.1.7.,
the most common calibration software for calibrating archaeological radiocarbon ages
(Bronk Ramsey, 2001).
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are the latter three. Carbon is mainly exchanged between these reservoirs Craig (1957).
Reservoir sizes are given in Table 1.2. The carbon stored as CO2 in our atmosphere
plays most likely a major role in global warming and is therefore investigated exten-
sively (Solomon et al., 2007). The concentration of CO2 in the earth’s atmosphere was
remarkable stable during the last 11 000 years with variations < 20 ppmv9. Long term
records over 420 000 years show variations in atmospheric CO2 concentrations of about
100 ppmv during glacial-interglacial cycles (Petit et al., 1999). During the past 200 years
anthropogenic influence increased the CO2 concentration of the atmosphere by about
100 ppmv. Humans introduced about 400 × 109 t carbon into the atmosphere through
deforestation and the burning of fossil fuels during the last 200 years. Part of the pro-
duced CO2 was absorbed by the hydrosphere and biosphere. The CO2 concentration in
2004 in the earth’s atmosphere was about 380 ppmv (Sabine et al., 2004).
The most important connections between carbon reservoirs are fossil fuel-atmosphere-,
land-atmosphere-, ocean-atmosphere- and land-river-ocean connections. To comprehend
reservoir connections and reservoir sizes basic research both theoretically and experi-
mentally is conducted for understanding the underlying various processes within the
global carbon cycle (Sabine et al., 2004).
1.5.2. Radiocarbon reservoirs
Radiocarbon is mainly stored in the hydrosphere, biosphere and atmosphere. Table 1.2
shows carbon and radiocarbon in global radiocarbon reservoirs before industrialization
and excess anthropogenic radiocarbon in 1975 and 1995, based on Lassey et al. (1996);
Naegler and Levin (2006). The stated anthropogenic input is averaged over different
nuclear weapons tests compilations (Yang et al., 2000; Rath, 1988). Major radiocarbon
production takes place in the atmosphere (Table 1.1). Cosmogenic radiocarbon pro-
duction in the outer atmosphere and distribution into other reservoirs on earth (mainly
hydrosphere and biosphere) establish an equilibrium 14C abundance in the CO2 of the
troposphere, with a ∆ 14C varying due to fluctuations of the cosmic radiation arriving
at the outer atmosphere and changes of reservoir conditions.
Radiocarbon activity differences occur in the biosphere (terrestrial and deap sea
organisms) and hydrosphere. 14C abundances in surface water of oceans are within
∆ 14C= −150 and +200h (Broecker et al., 1985). Radiocarbon is relatively uniformly
distributed in the atmosphere with the exception of the bomb peak era (Levin and
Hesshaimer, 2000; Feely et al., 1965; Fergusson, 1963).
9ppmv: parts per million volume
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Table 1.2.: Carbon and radiocarbon in global radiocarbon reservoirs before industri-
alization and excess anthropogenic radiocarbon in 1975 and 1995 (based on Naegler
and Levin (2006); Lassey et al. (1996)).
Radiocarbon reservoirs
Ocean Biosphere Troposphere Stratosphere Total
Total carbon before industrialization in Gt
34312 1559 512 90 36473
94.1% 4.3% 1.4% 0.2% 100.0%
14C before industrialization in × 1026 atoms 14C
18973 907 314 62 20256
93.7% 4.5% 1.6% 0.3% 100.0%
Anthropogenic excess 14C in 1975 in × 1026 atoms 14C
+257 +133 +158 +56 +604
42.6% 22.0% 26.2% 9.2% 100.0%
Anthropogenic excess 14C in 1995 in × 1026 atoms 14C
+366 +115 +106 +28 +616
59.4% 18.7% 17.2% 4.6% 100.0%
(a) (b)
93.6%
hydrosphere
4.5%
biosphere
1.9% atmosphere
92.2%
hydrosphere
5.0%
biosphere
2.8% atmosphere
Figure 1.3.: Proportions of Radiocarbon storage in hydrosphere, biosphere and
atmosphere: (a) before industrialization and nuclear weapon tests and (b) in 1975
(based on Table 1.2).
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The radiocarbon abundance in tropospheric CO2 during the last 60 years (Figure 2.1)
is dominated by the influence of atmospheric nuclear weapons tests, and is commonly
called the radiocarbon bomb peak.
2.1. Nuclear weapons tests
An explosive that is based on either fission or on a combination of fission and fusion
of atomic nuclei is considered to be a nuclear weapon. The first nuclear weapon was
developed during World War II within the Manhattan Project. The Manhattan Project
at the Los Alamos National Laboratory in New Mexico was under military administra-
tion and scientifically led by Robert Oppenheimer. In 1945 the first successful nuclear
weapon test was carried out on July 16 in New Mexico (UNSCEAR, 2000; Griggs and
Press, 1961). In World War II on August 6 and 9, 1945, nuclear weapons were dropped
on Hiroshima and Nagasaki respectively. During the following 18 years atmospheric
nuclear weapons testing increased tremendously to a number of more than 150 nuclear
weapons tests in the year 1963 which were mostly conducted above-ground. Until 1963
nuclear weapons testing was carried out by the US, the USSR, the UK and since 1960
to a minor degree also by France. In 1963 nuclear weapons tests were banned from the
atmosphere, under water and outer space by the Limited Test Ban Treaty (LTBT). The
Limited Test Ban Treaty was ratified by the major nations conducting nuclear weapons
tests by then, the US, the USSR and the UK. Figure 2.2 shows the consequences of the
LTBT in nuclear weapons testing (UNSCEAR, 2000).
Radioactive debris from nuclear weapons tests caused external, ingestion and inhala-
tion exposure of humans to radioactive nuclides. The most relevant radionuclides which
need to be considered regarding the effective doses are 54Mn, 55Fe, 90Sr, 95Zr, 106Ru,
125Sb, 131I, 137Cs, 144Ce, Pu and Am. Nowadays 137Cs and 90Sr are the only remaining
major contributors regarding effective doses (UNSCEAR, 2000; Danesi et al., 2008).
Nuclear weapons tests were conducted in uninhabited areas only. Two nuclear weapons
were dropped by the US in combat use on Hiroshima and Nagasaki in Japan. Figure
2.3 shows all locations on which nuclear weapons exploded above ground. Most nu-
clear weapons testing was conducted in the northern hemisphere. This led to a slightly
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Figure 2.1.: Long-term observations of ∆ 14C in atmospheric CO2 in the northern
and in the southern hemisphere (Figure from Levin and Hesshaimer (2000)). ∆ 14C
denotes the decay-corrected excess of 14C above the absolute international standard
activity (section 1.2.2).
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Figure 2.2.: Consequence of the Limited Test Ban Treaty (1963): yearly yield of
all nuclear weapons tests in the atmosphere and underground during 1945 - 2000
(Figure from UNSCEAR (2000)).
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Figure 2.3.: Atmospheric nuclear weapons tests sites, including combat use during
World War II in Japan (based on Yang et al. (2000)).
higher radiocarbon abundance in the northern hemisphere compared to the radiocarbon
abundance in carbon dioxide of the southern hemisphere until thorough mixing of not
only each hemisphere but also the whole atmosphere took place (Figure 2.1).
2.2. Formation of the 14C bomb peak
Atmospheric radiocarbon abundances in carbon dioxide have been constant within 5%
during the last 5000 years (section 1.2.2). Between 1860 - 1950 atmospheric ∆ 14C has
decreased by about 20h. This variation is mainly attributed to the Suess effect,
the input of CO2 originating from combustion of radiocarbon-free fossil fuel into the
atmosphere (Joos and Bruno, 1998). This trend was dramatically changed by nuclear
weapons testing in the atmosphere.
Nuclear explosions in the atmosphere provide neutrons to trigger mainly the nuclear
reaction 14N(n, p)14C. Above-ground nuclear weapons tests led to a doubling of the 14C
content of CO2 in the troposphere between 1955 and 1963. This increase in tropo-
spheric radiocarbon abundances is commonly called the 14C bomb peak. Distribution
of this excess 14C (∆ 14C) from the troposphere into other reservoirs on earth leads
to a rapidly decreasing 14C abundance in tropospheric CO2 (Levin and Kromer, 2004;
Levin and Hesshaimer, 2000), Figure 2.1. From 1963 onwards ∆ 14C of atmospheric
CO2 decreases with a “half-life” of approximately 10 years which is about 500 times
faster than the radioactive decay of 14C. Thus, if looking at the bomb peak, radioactive
decay of radiocarbon is almost negligible.
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Radiocarbon from nuclear weapons was injected mostly into the stratosphere. This
becomes obvious when looking at radiocarbon abundances in stratospheric and tro-
pospheric CO2 during and after nuclear weapons testing in the atmosphere. Mush-
room clouds originating from nuclear explosions in the atmosphere reach very high
altitudes within the stratosphere of about 20 km (Hesshaimer and Levin, 2000; Young
and Fairhall, 1968; Feely et al., 1966, 1965; Fergusson, 1963). A picture of a mushroom
cloud originating from a nuclear explosion is shown in Figure 2.4.
It should be noted that in the pre-nuclear era approximately only 2% of the earth’s
14C content was in the atmosphere. 93% of the global 14C resided in the hydrosphere
and about 5% in the biosphere (Figure 1.3).
2.3. Bomb peak dating
The fast variation of the 14C abundance in tropospheric CO2 during the last decades
allows dating of biological objects incorporating CO2 in this period of time with a pre-
cision of about two years (Figure 2.5). Nutrition induces corresponding 14C abundance
levels also in human beings. The whole biosphere including all human beings was sub-
jected to a global 14C labelling process. The branches of science in which bomb peak
dating is applied are widely spread (Grimm, 2008). Examples are retrospective birth
and death dating of humans (Cook et al., 2006; Spalding et al., 2005b; Wild et al., 2000,
1998; Rom et al., 1997), age validations of fish (Campana et al., 2008; Kerr et al., 2005),
birth dating of human cells (section 3, Bergmann et al. (2009); Spalding et al. (2008,
2005a)), but also validations of carbon cycle models which became more important
during the last decades (Levin et al., 2010; Sweeney et al., 2007). Software tools are
available to date radiocarbon measurement results within the bomb peak era (Reimer
and Reimer, 2009; Puchegger et al., 2000).
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Figure 2.4.: Mushroom cloud reaching the stratosphere. MET atomic test at
Nevada Test Site, April 15, 1955. This nuclear weapon test took place within the
operation Teapot which involved a total of 14 nuclear weapon tests. The fission
bomb MET had a yield of 22 kt TNT (Photo courtesy of National Nuclear Security
Administration / Nevada Site Office, http://www.nv.doe.gov/).
21
2. The radiocarbon bomb peak
1950 1960 1970 1980 1990
Calibrated date (calAD)
1
1.2
1.4
1.6
1.8
R
ad
io
ca
rb
on
 d
et
er
m
in
at
io
n 
(F
14
C)
Figure 2.5.: Bomb peak dating of the radiocarbon activity F14C= 1.60 ± 0.01
utilising the tropospheric radiocarbon abundance trend for the northern hemisphere
(> 60°) from Hua and Barbetti (2004). The ordinate shows the radiocarbon activ-
ity as F14C, the abscissa the related calendar date. The tropospheric radiocarbon
abundance is plotted in blue, the radiocarbon activity probability density in red and
the related calendar age probability density (95% confidence interval) in grey (as-
suming a post bomb origin of the sample material) (Figure from OxCal v4.1.1.,
Bronk Ramsey (2001)).
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Plants assimilate carbon dioxide from the troposphere via photosynthesis. The radio-
carbon abundance in carbonic fractions of plants therefore represents the radiocarbon
abundance of tropospheric carbon dioxide in the year of the respective growth. The
compilation of the radiocarbon calibration curve (section 1.4) makes use of this by
measuring the radiocarbon abundances in tree rings of known age to reconstruct past
tropospheric radiocarbon abundances. Nutrition introduces tropospheric radiocarbon
bound to plants into animals and humans. The radiocarbon abundance in food does
not always equal tropospheric abundance levels due to seasonal growth of plants and
complex compositions of nutrition. Studies have shown for example that radiocarbon
abundances in food of terrestrial origin do agree with current tropospheric radiocarbon
abundances whereas radiocarbon activities in food of marine origin are related to ac-
tivities of carbon dissolved in the oceanic euphotic zone (Harkness and Walton, 1972).
Inhomogeneities of food concerning radiocarbon content and different carbon residence
times in human tissue cause radiocarbon abundances in humans that can not be directly
equalised with the tropospheric radiocarbon abundance of the respective year of tissue
formation (Libby et al., 1964).
A crucial consideration allows retrospective birth dating of human cells. Genomic
DNA and its atoms are not exchanged after a cell has gone through its last division while
most other molecules in a cell are in constant flux (Spalding et al., 2005a). Turnover of
DNA in human cells using the isotope language was first studied by Slatkin et al. (1985).
Due to different carbon isotope signatures in nutrition, measuring δ13C in the DNA of
human cerebellar neurons from American-born Americans, European-born Americans,
and European-born Europeans allowed to determine the biological half-life of cerebellar
neuronal DNA to be greater than 71 years. Spalding et al. (2005a) have concluded that
the level of 14C integrated into genomic DNA reflects the level of 14C in the troposphere
in the year of cell formation. The last division of a cell can be considered to be a cell’s
birth date.
The determination of 14C levels in human genomic DNA can therefore be used to
retrospectively establish the birth date of cells in the human body. It should be noted
that only cells being present at the time of the individual’s death may be investigated.
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Since the 14C content in DNA does not change after death, stored tissue is also usable
(Spalding et al., 2005a). In case of stored tissue the respective tissue condition needs
to allow for cell nuclei extraction, purification and DNA extraction, which are the first
steps of sample preparation when birth dating human cells (section 4.2 and 4.4).
The first investigation of the 14C bomb signal in human DNA was performed by
Spalding et al. (2005a). The analysis revealed that neurons from the adult human oc-
cipital cortex have 14C levels in their genomic DNA corresponding to the time when
the individuals were born, lending little support to significant postnatal cortical neu-
rogenesis in man. Other studies measuring 14C levels in DNA deal with human fat
cells, investigating the dynamics of fat cell turnover (Spalding et al., 2008), and human
cardiomyocytes (Bergmann et al., 2009).
3.1. DNA - a physicist’s view
Deoxyribonucleic acid (DNA) consists of two polynucleotide chains forming a double he-
lix structure. Each polynucleotide chain is built up by nucleotides. In DNA a nucleotide
is a nucleobase bound to a sugar molecule, deoxyribose, and one phosphate group. A
nucleobase bound to deoxyribose only is called a nucleoside. A nucleoside bound to
a phosphate group is called a nucleotide. Four different kinds of nucleobases are in-
tegrated into DNA: Adenine (A), Guanine (G), Thymine (T) and Cytosine (C). The
nucleobase Adenine in one polynucleotide chain is paired with the nucleobase Thymine
in the complementary polynucleotide chain. Analogue Guanine is paired with Cytosine
(Figure 3.1). A basepair is the combination of two nucleotides bound by hydrogen
bonds (Alberts et al., 1998).
In 1962 Francis Harry Compton Crick, James Dewey Watson and Maurice Hugh
Frederick Wilkins received the Nobel Prize in physiology or medicine
“for their discoveries concerning the molecular structure of nucleic acids and its sig-
nificance for information transfer in living material”
(Levinovitz and Ringertz, 2001).
Rosalind Franklin who considerably participated to the work of the three Nobel
laureates died in 1958 and was not eligible for nomination to the Nobel Prize since its
rules forbid posthumous nominations (Maddox, 2002). The double helix structure of
DNA is displayed in Figure 3.2.
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Figure 3.1.: Atom by atom: Adenine(red)-Thymine(green) and Guanine(violet)-
Cytosine(pink) nucleotide pairs in DNA connected via hydrogen bonds (light blue).
Deoxyribose is displayed in blue, Phosphate in brown (based on Alberts et al. (1998)).
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Figure 3.2.: Double helix structure of DNA. This diagram presents the exact di-
mensions of the double helix. 5’ and 3’ denote the ends of the DNA molecule with
a terminal phosphate group and a terminal hydroxyl group respectively (Figure from
Raven and Johnson (1996)).
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Table 3.1.: Atomic composition of human genomic DNA based on Figure 3.1 and
Venter et al. (2001).
Constituent Number of atoms when integrated in DNA
C O N H P
Adenine 5 0 5 4 0
Guanine 5 1 5 4 0
Thymine 5 2 2 5 0
Cytosine 4 1 3 4 0
Deoxyribose 5 1 0 7 0
Phosphate 0 4 0 1 1
A + T nucleotide 20 12 7 25 2
G + C nucleotide 19 12 8 24 2
Human genomic DNA: Average Guanine-Cytosine content 41%
Total number of basepairs 2.907 × 109
Total number of atoms in human genomic DNA
Cell type in units of × 109 atoms
C O N H P
Diploid cell 113.9 69.8 43.1 143.0 11.6
Absolute mass fractions in human genomic DNA
Cell type in × 10−12 g
C O N H P
Diploid cell 2.27 1.85 1.00 0.237 0.599
Total mass of human genomic DNA
Diploid cell 5.96 × 10−12 g
Relative mass fractions in human genomic DNA in %
C O N H P
38.1 31.1 16.8 4.0 10.0
Carbon content of human genomic DNA
Table 3.1 sums up the number of atoms of carbon, nitrogen, hydrogen, oxygen and
phosphor in Adenine-Thymine (AT) and Guanine-Cytosine (GC) basepairs. Taking
into account an average GC content of 41% and a total sum of 2.907 × 109 basepairs
(Venter et al., 2001) the total number of carbon atoms in the genomic DNA of one
human diploid cell calculates to 1.14× 1011. This equates to about 2.3× 10−12 g carbon.
The genomic DNA of one human diploid cell has a total mass of about 6.0 × 10−12 g,
with a carbon content of about 38%.
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3.2. Birth dating cell populations
It is possible to determine an “average” birth date for a cell population but not the
birth date of one single cell by bomb peak dating. Even though nuclear weapons
tests in the atmosphere doubled the tropospheric radiocarbon abundance, during the
bomb peak era 14C abundances were still in the order of magnitude 10−12 14C atoms
per 12C atom. The genomic DNA of one human diploid cell contains about 114 bil-
lion carbon atoms (Table 3.1). Assuming a radiocarbon abundance of 1.2 × 10−12
in carbon this equals to one radiocarbon atom within the genomic DNA of about
ten diploid cells. When counting 14C atoms Poisson statistics needs to be applied
(for AMS this was experimentally verified by Vogel et al. (2004)). The uncertainty of
a counting result corresponds to the square root of the total number of counts,
σ(N) =
√
N . (3.1)
To reach a relative precision of 1% when conducting radiocarbon measurements, 10 000
14C atoms need to be detected in a 14C measurement. Even theoretical sample prepa-
ration and measurement efficiencies of 100% require to use the DNA of 100 000 diploid
cells to reach 1% measurement precision. Accounting for sample preparation and mea-
surement efficiencies increases the number of required cells to reach the same precision
significantly to about 4 million diploid cells (Table 8.1).
3.3. Determination of cell formation rates
Determining cell formation rates becomes possible when comparing 14C measurement
results of DNA of cells from individuals born before and after atmospheric nuclear
weapons tests took place.
Measuring the 14C content of DNA from some million cells always represents an
averaged content of the used cell material (Figure 3.3, an example taken from (Spalding
et al., 2005a)).
A 14C value corresponding to a cell population established shortly after birth (red
dot in Figure 3.3) in an individual born after the nuclear bomb tests (red vertical line in
Figure 3.3 indicates birth date) can arise in several ways. The two extreme possibilities
are that either (scenario 1) all cells are born up to shortly after birth and no cells are
generated after that or (scenario 2) that one cell population is generated prenatally and
another population is born substantially later. Analysis of 14C in genomic DNA of cells
from individuals born before the nuclear bomb tests (indicated in green in Figure 3.3)
offers a sensitive way to detect postnatal generation of cells and can distinguish these
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Figure 3.3.: Schematic representation of how the integration of information from
individuals born before (green) and after (red) the nuclear bomb tests can provide
further information on the formation rates of cells. The green and red vertical lines
indicate the birth dates of the two considered persons before and after atmospheric
bomb tests took place. The red and green dots indicate scenarios discussed in more
detail in the text. Whereas scenario 1 allows to draw conclusions about a cell forma-
tion rate directly, scenario 2 requires a mathematical model for further statements
regarding the formation rate of the examined cell population (Figure from Spalding
et al. (2005a)).
possibilities by either giving 14C activities as indicated in scenario 1 or 2. Generally
spoken only in special cases does the average 14C content of one cell population allow
to draw a definite conclusion concerning cell formation rates of the regarded type of
cells (Spalding et al., 2005a).
3.4. The need for 14C measurements of µg-size DNA samples
In practice the demand for 14C sample preparation and measurement methods for µg-
size DNA samples is demonstrated by the ongoing discussion of neurogenesis in the
adult human brain. The cerebral cortex is a site of high cognitive functioning, with
considerable plasticity (ability of the brain to reorganize neural pathways based on new
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experiences) enabling memory formation and adaptation to new conditions (Chklovskii
et al., 2004). Much of this plasticity has been attributed to the modulation of pre-
existing connections. Recent studies in primates however have demonstrated that neu-
rogenesis occurs in the adult primate cortex (Gould et al., 1999b). The findings of
(Spalding et al., 2005a) support the assumption that in the occipital lobe of the human
brain postnatal neurogenesis does not take place. These findings have sparked much
excitement and skepticism, and whilst it remains highly controversial whether neuro-
genesis does occur in the adult primate neocortex (Ming and Song, 2005; Kornack and
Rakic, 2001; Gould et al., 1999b), nothing has been known about neurogenesis in the
adult human neocortex. Ethical reasons rule out most direct investigations in humans
(Spalding et al., 2005a), while ethics are of minor concern for bomb peak dating since
no treatment of living individuals is required. Tissue specimens can be selected in
principle from every deceased person since the whole world population has undergone
essentially the same labelling with bomb-test 14C.
Results of previous studies using the 14C bomb peak to retrospective birth date
human cells were limited to rather large structures (minimum of 40million cells) whereas
small structures could not be explored extensively. The size of the cell population that
can be analyzed is set by the minimum of carbon required for a reliable AMS sample
preparation and 14C measurement (Spalding et al., 2005a).
It is attractive to reduce the measurable size of cell populations to analyze the neu-
ronal turnover in small subregions of the human brain (Gould, 2007). Such regions
where neurogenesis is discussed in literature are the dentate gyrus of the hippocampus
(part of the memory system, about 16million neurons, e.g. Gould et al. (1999a)), the
substantia nigra (involved in course of motions, malfunction causes parkinson’s disease,
about 1million neurons, e.g. Zhao et al. (2003)) and the olfactory bulb (part of the
olfactory system, about 8 million neurons, e.g. Hack et al. (2005)). The number of
neurons obtained during sample preparation is influenced by the post-mortem inter-
val of the respective tissue. Actual samples from dissections are usually even smaller
than the numbers quoted above. Provided that measurement procedures come close to
the theoretical limits of minimum sample size, investigations of material from clinical
biopsies become feasible.
30
Part II.
Materials and Methods
“I didn’t think, I investigated.”
Wilhelm Röntgen, German physicist (1845 - 1923)
(Kevles, 1977, pg. 19)

4. Microbiological sample preparation of µg-size DNA
samples for 14C AMS
4.1. Bomb peak dating of human DNA with µg-size C samples -
an interdisciplinary work
Working with µg-size DNA samples for 14C bomb peak dating requires the application of
coordinated sample preparation protocols during microbiological sample preparation as
well as during AMS sample preparation. Issues of minor or no concern during common
microbiological sample preparation turned out to be of major importance for the overall
measurement result and precision when 14C AMS measurements are performed subse-
quently. A very basic introduction into the microbiological sample preparation from
human tissue, cell nuclei extraction and purification as well as DNA extraction is given
in sections 4.2, 4.3, 4.4 and 4.5 from a physicist’s point of view. Close collaboration
between microbiologists, medical scientists and physicists allowed to obtain the stated
results with the achieved overall measurement precision. The Department of Oncology-
Pathology of the Karolinska Institute Stockholm provided tissue donated for scientific
research. Cell nuclei extraction from tissue, nuclei sorting and DNA extraction was car-
ried out at the Department of Cell and Molecular Biology at the Karolinska Institute
in Stockholm. AMS sample preparation and AMS 14C measurements were conducted
at the Vienna Environmental Research Accelerator (VERA) of the Faculty of Physics
of the University of Vienna.
4.2. Cell Nuclei extraction and purification
The whole cell nuclei extraction procedure is carried out while keeping reagents and
sample on crushed ice. Sample tissue is minced into small pieces and homogenized
gently in a lysis buffer to break down cells. The thorough destruction of the cell’s
membranes allows to separate the cell nuclei by centrifugation. The lysate is suspended
in a sucrose solution and then carefully layered on top of a sucrose cushion solution in
an ultracentrifuge tube. Samples are then centrifuged for 2 hours and 20 minutes at
26 000 g at 4 °C. The supernatant is removed carefully while the purified cell nuclei are
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Figure 4.1.: Isolation of neuronal nuclei from the adult human brain. Immunohis-
tochemical identification of neurons with antibodies to the neuron-specific epitope
NeuN in tissue sections (A–C) and isolated cell nuclei (D–F) from adult human
cerebral cortex. All nuclei are labelled with 4’,6-diamidino-2-phenylindole, DAPI
(Figure from Spalding et al. (2005a)). DAPI is a fluorescent stain and binds to
DNA and RNA and is used for non-specific cell nuclei labelling, free DAPI has a
fluorescence maximum at 461 nm, blue fluorescence (Banerjee and Pal, 2008; Tan-
ious et al., 1992).
collected at the bottom of the centrifuge tube (Spalding et al., 2005a).
4.3. Flow cytometry
The extracted and purified cell nuclei (section 4.2) originate from all kind of cells present
in the original sample tissue. Bomb peak dating of this cell blend is most often not
of primary interest. Cell nuclei of interest are labelled by applying cell nucleus type
specific antibodies. In case of the human brain where neuron cell nuclei are of interest an
antibody labelling the epitope NeuN which is specifically located in a neuron’s nucleus
(Mullen et al., 1992) is used (Spalding et al., 2005a). Figure 4.1 presents the described
labelling in tissue and in isolated cell nuclei solutions.
Once cell nuclei of interest are labelled they can be sorted by flow cytometry. Flow
cytometry is often also referred to as fluorescence-activated cell sorting (FACS) , which
is a registered tradename. Fluorochromes are conjugated to the specific antibodies
attached to the cell nuclei of interest. The attached fluorochromes can be excited
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with light of specific wavelengths. In the sorting process cell nuclei are suspended
in a fluid and continuously passed in vertical direction downwards through a nozzle
allowing only one single cell nucleus to pass at a time. Applying voltage to the stream
of suspended cell nuclei in the moment of separation of single droplets from the nozzle
allows to electrically charge these droplets. Light of specific wavelengths is scattered
on each droplet (including one single cell nucleus only) sequentially. Forward and side
scattered light is collected in photodetectors and allows to specify size and texture
of a particle passing by. Fluorescent emissions of specific wavelength originating from
excited fluorochromes which are specifically attached to the sort items are detected with
photomultipliers. Based on the collected scattering and fluorescent emission signals a
sorting decision is calculated. Depending on this sorting decision voltage is applied
to deflection plates which redirect a single droplet into the respective collection vial
for the specific type of cell nuclei (Hawley and Hawley, 2004). Centrifugation of the
obtained solution allows to collect the cell nuclei which can then be suspended in a
more concentrated form in a nuclei solution of some hundred µl volume.
4.4. DNA extraction
Sorted nuclei are diluted after flow cytometry with a lysis buffer before proteinase K
is added. Proteinase K is an enzyme that breaks up the peptide bonds in amino acids
of proteins and thus destroys them (Hilz et al., 1975; Ebeling et al., 1974). After incu-
bation overnight a ribonuclease cocktail is added to degrade RNA. After another short
incubation period sodium chloride solution is added to the sample to precipitate pro-
teins (Miller et al., 1988). Centrifuging the sample at 13000 g allows to isolate only the
DNA which stays in the supernatant. Adding of ethanol and thoroughly mixing leads
to precipitation of the DNA which now becomes visible as a small nearly transparent
pellet. This pellet is washed 4 times in ethanol before being transferred into the sample
vials used for shipping to the AMS facility. Before shipping the ethanol is evaporated
and the dried DNA is dissolved in 500 µl ultra-pure water. Investigating laboratory car-
bon background showed that handling during the DNA extraction procedure and the
materials used have a major influence on the amount of carbon background added to a
DNA sample. The extraction procedure is therefore carried out in a specially equipped
clean room. Pipettes and other involved tools and chemicals are carefully chosen to
keep carbon background at the lowest possible level. Baked pre-cleaned sample vials
are used for shipping of the DNA sample material.
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4.5. DNA quantification and purity analysis
DNA quantification
The ring structures of the DNA bases adenine, thymine, guanine and cytosine absorb
light of UV wavelength. The absorption spectra of the four bases look slightly different
in the wavelength region of interest (230 to 280 nm). Adenine in aqueous solution
maximally attenuates a light beam in the mentioned spectral region at 261 nm, thymine
at 264 nm, guanine at 246 and 275 nm and cytosine at 267 nm. In total the different
absorption spectra sum up to a maximum absorbance of DNA material in aqueous
solution at a wavelength of 260 nm (Mahon et al., 1999; Perkampus, 1992).
To quantify DNA mass in aqueous solution the following standards are applied. It
is generally accepted to assert that an aqueous solution of double-stranded DNA with
an optical density1 of 1.0 at 260 nm in a 10mm pathlength cuvette has a DNA mass
concentration of 50 ng/µl (Kline et al., 2009; Sambrook and Russell, 2001). This as-
sertion was established for reducing quantification variance and is not necessarily of
metrological validity (Kline et al., 2009).
DNA purity analysis
DNA purity can be determined by the attenuation ratios of UV light at 230 nm, 260 nm
and 280 nm. This attenuations are commonly denoted as A230, A260 and A280. Impuri-
ties like proteins result in different UV absorption behaviour of the sample solution thus
altering its absorbance ratios. In particular, proteins can be quantified by UV attenua-
tion measurements at 280 nm (Aitken and Learmonth, 2002). A protein contamination
consequently lowers the ratio A260/A280.
In this study absorbance ratios of DNA sample material in the range of A260/A230 =
2.0 to 2.4 and A260/A280 = 1.8 to 2.0 were accepted. Generally DNA samples yielding
this absorption ratios can be considered to be of a purity ' 90% (Cantor and Schimmel,
1980). Sample purity was additionally confirmed using high performance liquid chro-
matography (HPLC) . HPLC analysis determined typical protein mass contributions
from 0.1 to 5% of the DNA mass.
Equipment for DNA quantification and purity determination by UV/vis absorbance
spectrometry is commercially available (Kline et al., 2009, 2005). An examplatory UV ab-
sorption spectrum of an aqueous DNA sample is shown in section 7 (Figure 7.3, p. 69).
1Optical density: The optical density is defined as the logarithmic ratio between light intensities
with and without the presence of the respective sample in a beam of light of specific wavelength
and pathlength (International Union of Pure and Applied Chemistry Commission on Molecular
Structure and Spectroscopy and Commission on Quantities and Units in Clinical Chemistry, 1985).
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5.1. Carbon background limits the precision for 14C measurements
of µg-size C samples
During the last decade, an increasing demand developed for radiocarbon measurements
of samples in the µg carbon range. Several laboratories put efforts into developing
adequate sample preparation and AMS measurement methods (Liebl et al., 2011a;
Buchholz et al., 2010; Fahrni et al., 2010; Khosh et al., 2010; Kim et al., 2009; Liebl
et al., 2010a; de Rooij et al., 2010; Ruff et al., 2010a,b; Salehpour et al., 2010a,b;
Santos et al., 2010a,b; Smith et al., 2010b,a; Yokoyama et al., 2010; Salehpour et al.,
2009, 2008; Drosg et al., 2007; Ertunc et al., 2007; Santos et al., 2007b,c; Smith et al.,
2007; Xu et al., 2007; Hua et al., 2004; Currie et al., 2000). The overall measurement
precision, which can be reached, is no longer limited by the measurement precision of
the AMS measurement itself but by the carbon background introduced during AMS
sample preparation. The shortcomings in the reduction of this background resulted
in very few published applications of 14C measurements of samples in the 10 µg C
range. The only published applications known by this author are May et al. (2011)
and Jenk et al. (2009). Santos et al. (2010a) reports progress in 14C dating of small
carbon samples from phyoliths, this method is however still under development. Latest
published carbon backgrounds from several laboratories worldwide are given in Table
5.1. During the current work a special emphasis was placed on minimization of carbon
background, both during microbiological and AMS sample preparation.
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Table 5.1.: Carbon background levels in AMS measurements of µg-size samples at
several laboratories worldwide.
Institute Procedures Background1 Reference
investigated
NIST, Gaithersburg combustion 0.16± 0.02µg C Currie
NOSAMS, Woods Hole, graphitization −0.22± 0.34µg ’dead’ C et al. (2000)
NSF, Arizona graphitization 0.27± 0.03µg ’modern’ C
NIES, Tsukuba, graphitization for 20 - 50µg C (CO2 ): Uchida
MOI, Mutsu, ≈ 0.1 µg ’modern’ C et al. (2004)
JAMSTEC, Yokosuka
ANSTO, Sydney combustion and 0.61 ± 0.1 µg C with Hua
graphitization 67 ± 13 pMC et al. (2004)
PI, Erlangen combustion and 2.99 ± 0.24µg C with Scharf
graphitization 10.8 ± 1.4 pMC and et al. (2007)
0.49 ± 0.24 % of sample mass
with 51.8 ± 11.5 pMC
Keck, Irvine combustion and 250µg coal: Xu
graphitization 41, 000 14C years et al. (2007)
(equals to 0.61 pMC)
Keck, Irvine machine natural diamonds sputtered: Taylor and
background 0.005 to 0.03 pMC Southon (2007)
Keck, Irvine graphitization 0.1 - 0.5µg ’dead’ C Santos
only, 0.2 - 1.0µg ’modern’ C et al. (2007b)
no background
from combustion
was observed
LABEC, Florence combustion and for 500 to 800µg graphite: Fedi
graphitization 0.21 pMC for ’dead’ C blanks et al. (2007)
0.43 pMC after combustion
of non- ’dead’ C
blank material
machine
background 0.05 pMC
SUERC, East Kilbride combustion and for 80µg ’dead’ C blank Ertunc
graphitization material: et al. (2007)
1.2 ± 0.05 pMC
NSF, Arizona combustion and for 0.5mg Ceylon graphite: Pigati
graphitization 0.1 ± 0.02 pMC (2σ) et al. (2007)
DNC, Davis graphitization 11.6 ± 5.0µg C with 154 ± 23pMC Kim
(high-throughput observed for submilligram et al. (2009)
Zn method) carbonaceous samples
IBP, ETH, Zurich gas measurement 55ng C (with 50 pMC) + constant Ruff
without sample 14C countrate from AMS target et al. (2010a)
preparation (≈ 1 pMC for measurement of
10µg C from ’dead’ CO2 )
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Table 5.1 continued.
Institute Procedures Background1 Reference
investigated
IBP, ETH, Zurich combustion in 0.34 ± 0.13µg C Ruff
elemental analyzer (with 65pMC) et al. (2010b)
Keck, Irvine graphitization 0.15 - 0.30µg ’dead’ C Khosh
about 0.3 µg ’modern’ C et al. (2010)
CIR, Groningen graphitization 1.0 ± 0.4µg ’dead’ C de Rooij
0.25 ± 0.10µg ’modern’ C et al. (2010)
Keck, Irvine C extraction from ≈ 2.0 ± 1.0 µg ’dead’ C Santos
phytolith, ≈ 3.0 ± 1.5 µg ’modern’ C et al. (2010a)
combustion and
graphitization
IPD, Uppsala freeze-drying, 0.3 ± 0.1µg C Salehpour
combustion and with 47pMC et al. (2010a)
graphitization
ANSTO, Sydney graphitization 0.7 µg ’modern’ C, Smith
with cleaning of microfurnace et al. (2010a)
between samples: Smith
0.06µg ’modern’ C et al. (2010b)
AORI, Tokyo, graphitization 1 ± 1µg ’dead’ C Yokoyama
DEPS, Tokyo 1 ± 0.2 µg ’modern’ C et al. (2010)
IB, JAMSTEC, Yokosuka
Keck, Irvine ABA/leaching ≈ 0.3 ± 0.15µg ’dead’ C Santos
pretreatment, ≈ 0.6 ± 0.3 µg ’modern’ C et al. (2010b)
combustion and
graphitization
CAMS, LLNL, Livermore sample collection 80− 200µg samples: Buchholz
on aluminum ≈ 2.0 ± 0.5 µg ’dead’ C et al. (2010)
impactor disks, ≈ 2.5 ± 0.5 µg ’modern’ C
combustion and < 20µg samples:
graphitization ≈ 4.0 ± 1µg ’dead’ C
≈ 5.0 ± 1µg ’modern’ C
VERA, Vienna freeze-drying, 0.12 to 0.15µg C (overall) Liebl
combustion and et al. (2010a)
graphitization
VERA, Vienna graphitization < 100ng ’dead’ C Liebl
30 ± 38ng ’modern’ C et al. (2011a)
1 Background levels as reported in the respective references.
5.2. Freeze-drying µg-size DNA in aqueous solution
Freeze-drying is known to be a well established gentle drying procedure and is nowadays
applied to a broad field including mainly food and pharmaceutical industries (Krokida
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and Philippopoulos, 2006; Bos et al., 2002). A basic description of the parameters in-
fluencing freeze-drying is given in Franks (1998) and Pikal et al. (1984). The use of
commercially available freeze-dryers however was not applicable to the preparation of
µg-size DNA samples. Carbon background issues forced the development of a freeze-
drying procedure integrated into the graphitization apparatus and adapted to the spe-
cific needs of µg-size DNA samples.
Sample transfer before freeze-drying
DNA in aqueous solution is transferred to a cylindrical quartz glass cuvette with an inner
diameter of 4mm and a total length of approximately 200mm. The quartz cuvettes are
thoroughly cleaned and baked at 900 °C during 4 hours beforehand. Inside a laminar air
flow working place the cuvettes are blown with nitrogen to remove potentially present
dust particles from the quartz surface. The sample transfer is conducted using a pipette.
Before removing the quartz cuvette holding the sample material from the laminar air
flow working place (closed) valves are mounted to isolate the sample material from the
laboratory air.
Freezing aqueous DNA sample solution
The valves of the quartz cuvettes holding the DNA sample material as aqueous solution
are directly connected to the graphitization apparatus (Figure 5.1). This avoids the
eventuality of incorporation of carbon background by exposing the sample to laboratory
air in between the consecutive processing steps. Aluminum cold fingers are slid over the
quartz cuvettes ends holding the sample material. Freezing spans a time period of about
30min to avoid mechanical stress of the quartz cuvettes due to volume expansion of the
sample solution at solidification. Sample material is cooled to temperatures typically
lying between −20 and −15 °C before a sublimation process is started.
Freeze-drying procedure
The valves isolating the DNA sample material in the quartz cuvettes attached to the
graphitization apparatus are opened once the sample material is frozen. The graphi-
tization apparatus is pumped across a cold trap using a dry scroll pump. The cold
trap, cooled by means of a dry ice isopropanol mixture, is applied to protect the pump
from excessive amounts of water vapour, because the pump is not designed for pumping
condensable gases. Typical system pressures during freeze-drying are in the range of
1 to maximum 3mbar. The system pressure is a measure for the sublimation rate. It
can be controlled via increasing or decreasing the extent of cooling of the DNA sample
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Figure 5.1.: Schematic setup of one graphitization reactor with sublima-
tion/combustion cuvette connected to the graphitization apparatus during freeze-
drying and combustion of DNA sample material. Within the whole graphitization
apparatus, 9 reactors and sublimation/combustion cuvettes are installed and oper-
ated in parallel.
material. The speed of sublimation turned out to have a significant bearing on sample
material loss during the sublimation process. It is therefore important not to exceed
the stated upper pressure limit of 3mbar. Freeze-drying of 0.5ml sample solution at
the VERA graphitization apparatus for µg-size carbon samples is realized in about 2
to 3 hours. This allows relatively high yields of up to 90% during freeze-drying and
combustion (section 7.2.2).
5.3. DNA combustion
5.3.1. Precleaning of DNA sample material
The lower part of the quartz cuvette holding the freeze-dried DNA sample material is
heated to about 200 °C by means of a tube furnace. While the quartz cuvette is pumped
using a turbomolecular pump the DNA sample material is kept at this temperature
until a system pressure of 2.2 × 10−3mbar is reached, but at least for a duration of
20minutes. This step is aimed for removing any volatile carbon background on the
surface of the quartz cuvette or on the DNA sample itself. The chemical yield of DNA
sample preparation is not measurably influenced by this.
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Table 5.2.: Carbon background from repeated combustion of empty sample vials
using CuO and O2.
CO2 in graphitization reactor from repeated
empty sample vial combustion (µg C)
Oxygen source CuO O2 O2
combustion external1 external1 graphitization apparatus2
0.23 0.08 <0.05
0.42 0.07 <0.05
0.26 0.19 <0.05
0.12
0.21
Σ 0.36 ± 0.14 0.13 ± 0.06 < 0.05
1 external combustion: i. e. disconnected from graphitization apparatus,
combustion cuvette closed by a valve
2 graphitization apparatus combustion: i. e. connected to graphitization
apparatus, combustion cuvette valve closed but not unmounted from graphi-
tization apparatus
5.3.2. Combustion of DNA using bottled O2
Freeze-dried DNA sample material is combusted to transfer the carbon fraction of the
sample into CO2. Changing the source of oxygen from CuOx (which is commonly
used in 14C AMS sample preparation procedures) to bottled O2 (Air Liquid Austria,
99.5% purity) significantly reduced the amount of carbon background introduced during
combustion. Repeated combustion of about 0.5 g CuOx (Merck, wire about 0.65× 6mm
for elementary analysis, 1.02767.1000, lot B673067 248), the amount typically used in
previous sample preparation protocols, produced 0.36 ± 0.14 µg C. Carrying out the
same procedure with bottled O2 produced only 0.13 ± 0.06 µg C. This amount of
carbon background was further reduced to below 0.05 µg C by a combustion procedure
integrated into the graphitization apparatus. Table 5.2 shows the carbon background
from repeated combustion of empty sample vials using CuO and O2 (Air Liquid Austria,
99.5 % purity).
Usage of bottled O2 shows a significantly reduced carbon background. The integra-
tion of the combustion process into the graphitization apparatus allowed to reduce the
carbon background to the background detection limit. The carbon background mass
was determined by measuring the respective CO2 pressure inside the graphitization re-
actors. In our opinion the significantly lower background level outweighs any concerns
about incomplete combustion with gaseous oxygen. Bottled oxygen is liquefied inside
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Table 5.3.: DNA combustion products and minimum requirement of O2 during
DNA combustion.
DNA sample Carbon Oxygen in DNA Combustion products in µg
in µg in µg in µg CO2 NOx(4) H2O P2Ox(5)
1.00 0.38 0.31 1.40 0.94 0.36 0.23
2.63 1.00 0.82 3.67 2.46 0.94 0.60
DNA sample Carbon Oxygen in DNA Required O2 during combustion
in µg in µg in µg in µg
1.00 0.38 0.31 1.92
2.63 1.00 0.82 5.04
a cold trap at liquid nitrogen temperature. Potentially present CO2 (≤ 300 ppmv)
within the bottled O2 is fixed in the cold trap during this step. Thereafter the evacu-
ated quartz cuvettes holding the precleaned DNA samples are opened to the cold trap
holding oxygen at liquid nitrogen temperature. The vapour pressure of liquid oxygen
at this temperature produces a system pressure of about 220mbar O2 in the quartz
sample cuvettes. The cuvettes have a volume of about 2.5 cm3. A pressure of 220mbar
O2 inside this volume equals about 700 µg O2. This amount of oxygen is theoretically
sufficient to combust samples of up to 350 µg DNA. The valves of the cuvettes are closed
after adding oxygen to the DNA samples. Combustion is carried out by means of tube
furnaces enclosing the quartz sample vials at a temperature of 800 °C during a time
period of 30minutes. Table 5.3 shows DNA combustion products and the minimum
requirement of O2 during DNA combustion. Even though N2 is most likely formed
as a combustion product, the minimum requirement calculation is conducted by the
assumption that all N ends up as NO4.
5.4. Graphitization of µg-size CO2 samples
5.4.1. Determination of CO2 sample mass
Sample CO2 is cryogenically purified and frozen into graphitization reactors. This
method first removes gas which is not condensable at liquid nitrogen temperature (at
normal pressure −196 °C) and subsequently transfers only gas that does not condense
above dry ice temperature (at normal pressure −78 °C). The volumes of the graphiti-
zation reactors, which vary due to the manufacturing tolerances of the applied quartz
cuvettes, are determined beforehand by expanding air trapped at atmospheric pressure
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A B C D
Figure 5.2.: Scheme of the sampling valve used as a graphitization reactor gate
valve for monitoring the gas composition during a running graphitization reaction
with an RGA (Liebl et al., 2010a). The body (black) is made of stainless steel,
the plug material is PTFE (gray). In closed (A) and opened (B) position the valve
functions like a usual plug valve. Gas sampling is achieved by filling the dead volume
from one side (C) and releasing the gas to the other side (D).
to a calibrated volume. Each graphitization reactor is equipped with a pressure sen-
sor. This allows to calculate the number of CO2 molecules NCO2 and thus the carbon
sample massmcarbon by measuring the CO2 pressure pCO2 inside the graphitization reac-
tors based on the ideal gas law (kB denotes the Boltzmann constant, NA the Avogadro
constant and T the CO2 temperature).
NCO2 =
pCO2 × VCO2
kB × T (5.1)
mcarbon =
NCO2
NA
× 12 gmol (5.2)
Typical reactor volumes VCO2 are 0.9 cm3. In this reactor volume 10 µg carbon in the
chemical form of CO2 yield a pressure of about 23mbar at room temperature.
5.4.2. Graphitization reaction and its parameters
Cryogenically purified CO2 is reduced to graphite in the Bosch reaction
CO2 + 2 H2 Fe+915
◦C←−−−−−→ CO + H2O + H2 Fe+615
◦C←−−−−−→ C + 2 H2O . (5.3)
In a first step CO2 is reduced to CO, subsequently to graphite (Liebl et al., 2010a). The
use of a residual gas analyzer allowed to monitor the composition of the gas mixture
inside the graphitization reactor during a running reaction. For this purpose the reactor
gate valve was replaced by a sampling valve with a dead volume of about 0.05 cm3 which
allowed to sample small aliquotes from the gas inside the graphitization reactor (Figures
5.2 and 5.3).
To run this reaction towards the production of graphite, continuous removal of water
is required additionally to heating an iron catalyst. A schematic drawing of a graphi-
tization reactor is shown in Figure 5.5. A preliminary version of the graphitization
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Figure 5.3.: Change of the gas composition during the graphitization reaction.
Steps in the pressure curve result from gas sampling (5% of the reactor volume
each). The RGA readings for H2 (mass 2) and CO2 (mass 44) were scaled to match
the composition before the reaction started (time 0 : 00). However, due to the long
duration of this measurement, the RGA probably degrades, so the plots should be
understood as qualitative data only. Mass 28 is presently always visible from N2
outgassing when using the sampling valve, which partly obscures the detection of
CO. Even though, the fast reduction of CO2 to CO is obvious. For a more detailed
description of the measurement see Liebl et al. (2010a).
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Figure 5.4.: Setup of a graphitization reactor for the graphitization of µg-size CO2
samples. This setup was used until March 2010. The total reactor volume is about
0.9 cm3. During graphitization a tube furnace is moved above the quartz vial holding
the copper pin with the iron catalyst. A Cu cold trap holding dry ice is attached to
the Al cold finger.
apparatus is described in Steier et al. (2006), the original version of the graphitization
procedure itself was developed by Vogel et al. (1984).
In situ preparation of Fe catalyst
Iron powder (Merck 3819, particle size 10 µm) is combusted at 900°C for 4 h in air. The
resulting iron oxide powder is then pressed (0.3GPa) into Cu sample holders suitable for
the ion sputter source of VERA. The iron oxide inside the Cu sample holder is initially
vacuum baked for 30 minutes at 815 °C inside the graphitization reactor. Subsequently
the iron oxide is reduced to the catalyst Fe by heating the pressed iron oxide powder
to 815 °C for at least 2 hours within an H2 atmosphere (Linde Gas Austria, 99.9999%
purity) which is renewed every 10 minutes. This reduction takes place directly in the
graphitization reactor. Gudenau et al. (2005) describes porous iron segregation with
a sponge-like surface with mostly big pores when reducing iron oxide at temperatures
above 850 °C. We could observe a similar effect by Scanning Electron Microscope (SEM)
imaging of Fe catalysts prepared at different temperatures (Figure 5.6).
Vacuum baking and hydrogen baking within the graphitization reactor is intended
for minimizing carbon background in the Fe catalyst and the graphitization reactor
itself. Hua et al. (2004) report that oxidation and subsequent reduction of the catalyst
Fe improves the reaction rate of the graphitization process due to an increased reaction
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Figure 5.5.: Setup of a graphitization reactor for the graphitization of µg-size CO2
samples. The new design used from April 2010 onwards. The total reactor volume
is about 0.5 cm3 to 0.9 cm3, depending on the pressure sensor used. During graphi-
tization a tube furnace is moved around the quartz vial holding the copper pin with
the iron catalyst. A Cu cold trap holding dry ice is attached to the Cu cold finger.
The Cu cold finger is attached to a stainless steel cold trap which is machined out
of the reactor body.
47
5. AMS sample preparation of µg-size DNA samples
Figure 5.6.: SEM images of vacuum and H2 baked iron catalyst without graphite
(A, B, D) and with graphite (C). Vacuum baking was carried out at 815°C for
30min, H2 baking was done at different temperatures for 2 hours for all samples.
D shows pressed iron powder which was H2 baked at 300°C, B and A show pressed
iron oxide powder reduced to iron at 600°C (B) and 915°C (A) respectively. H2
baking at higher temperatures significantly reduces the catalyst surface. Graphite
produced on an iron catalyst prepared at a H2 baking temperature of 815°C (catalyst
surface comparable to (A)) is seen in (C). Graphitization was carried out at 915°C
during the first hour and then continued at 615°C. The indicated scale is valid for
all 4 images. SEM imaging was performed by Matthias Kucera, Vienna Institute
for Archaeological Science (VIAS).
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surface, which is however not supported by our investigations. The high reduction
temperature of 815°C was used due to carbon background issues, even though SEM
images of the catalyst (Figure 5.6) showed an increased surface when applying a lower
reduction temperature of 615°C.
Reaction volume
Graphitizing very small CO2 samples in the order of 10 µg carbon require a reduced
graphitization volume. Typical reactor volumes for archaeological samples are 10 cm3.
The graphitization reactors for µg-size carbon samples at VERA have a reaction volume
of 0.5 to 0.9 cm3, depending on the pressure sensor attached.
Amount of H2 in graphitization reactor
H2 (Linde Gas Austria, 99.9999% purity) is added to the graphitization reactor while
sample CO2 is frozen by means of liquid nitrogen. At least twice the pressure of sample
CO2 needs to be added (equation 5.3). A constant excess of hydrogen of 50mbar plus
50% of the CO2 pressure within the graphitization reactor volume is provided. The
applied mathematical relation to calculate the pressure of H2 to be added is
p(H2) = 2.5 × p(CO2) + 50 mbar . (5.4)
Furthermore an empirically determined correction is applied for the change in pressure
due to cooling parts of the reactor vessel with liquid nitrogen (to keep the CO2 sample
frozen) while adding hydrogen.
Catalyst temperature
The catalyst temperature has a major influence on the speed of the graphitization
reaction. Different optimum graphitization temperatures are described in the literature
(e. g. Kim et al. (2010)). Experimental investigations at the graphitization unit for
µg-size carbon samples at VERA have shown a minimal reaction time when working
with two different temperatures. The first reduction step of CO2 (equation 5.3) is
completed within 45min when working at a temperature of 915 °C. The reduction of
CO to graphite however runs much faster when working with a temperature of 615 °C
(Figure 5.7). RGA analysis of the gaseous reaction end products have shown that
when working with even lower temperatures during the second reaction step methane is
produced. This reduces the yield of the conversion of CO2 to graphite and is therefore
avoided.
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Figure 5.7.: Pressure trends in graphitization reactors during graphitization re-
actions at different catalyst temperatures. Within 10% deviation all three samples
use the same amount of Fe catalyst and CO2 sample pressure equalling about 50 µg
carbon. Catalyst temperatures were 915 °C for sample B and 715 °C for sample C.
The catalyst of sample A was heated to 915 °C during the first 45min and then to
a reduced temperature of 600 °C. The grey horizontal line indicates 90% completion
of the graphitization process.
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Removing H2O during graphitization reaction
The partial pressure of H2O during graphitization has a strong influence on the reaction
dynamics (Liebl et al., 2010a; Němec et al., 2010). To shift the equilibrium in the co-
existence of gaseous carbon and elemental solid carbon in the Bosch reaction, water is
continuously removed. This is technically realized by cool fingers to which dry ice is at-
tached outside the graphitization reactors (Figure 5.5). The equilibrium is then pushed
towards the production of graphite (equation 5.3). When graphitizing CO2 samples of a
carbon mass ≤ 5 µg the extent of H2O removal during the first reduction step of CO2 to
CO turned out to be crucial for the completeness of the overall graphitization reaction.
Graphitization reactor cold trap temperatures below −35 °C during the first reaction
step caused incompleteness of the final CO reduction to graphite. This however was not
observed for larger samples of more than 10 µg carbon. While the cold trap temperature
during the first reduction step was controlled to be −28 °C, water removal during the
second reaction step was maximized (cold trap temperatures during this reaction step
were typically between −50 and −35 °C).
Copper AMS target inside the graphitization reactor
To avoid the risk of an additional carbon background introduced into graphite AMS
targets, the complexity of handling of the iron catalyst with the graphitized sample was
minimized. The iron catalyst was therefore pressed into a Cu sample holder already
before graphitization. This sample holder can later be mounted directly into standard
AMS cathodes (Figure 6.3). The presence of Cu inside the graphitization reactor slows
down the graphitization reaction significantly. CO2 samples of less than 5 µg C were
typically reduced to graphite within one hour when working with loose iron powder
as a catalyst, whereas it typically took more than two hours when working with an
iron catalyst pressed into a Cu target material. However, the pressed catalyst was
preferred because it was not possible to transfer catalyst powder into AMS targets
without considerable quantitative losses.
5.4.3. Monitoring graphitization reactions
The graphitization progress can be monitored by observing the pressure trend in a
graphitization reactor. The graphitization products H2O and elemental C exist in solid
phase and do not contribute to the reactor pressure any more. This allows to decide
whether a reaction can be considered complete or not. In case a graphitization reaction
does not progress as expected, measures like reducing the temperature of the cold
trap from dry ice temperature to liquid nitrogen temperature can be taken. Figure
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5.7 (sample A) shows a typical pressure trend in a graphitization reactor during a
graphitization reaction.
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µg-size C samples
6.1. Accelerator Mass Spectrometry
Accelerator Mass Spectrometry (AMS) allows to separate isotopes of the same element
but with different mass by means of an accelerator setup. Sample graphite is sput-
tered in a cesium sputter source or alternatively CO2 in a gas ion source. Negative
carbon ions are extracted and a first mass spectrometer selects negative ions of mass
14 which are accelerated to the high voltage terminal of an accelerator. Nitrogen does
not form negative ions (Middleton, 1989) and therefore 14N does not interfere with 14C−
(Purser et al., 1977). At VERA molecular isobars (12CH−2 , 13CH−, Li−2 ) are destroyed
in the terminal stripper of a tandem accelerator. Electrons are stripped from 14C−
which predominantly becomes 14C3+ and is accelerated another time to about 11MeV.
Selecting the 3+ charge state guarantees the destruction of molecules. A second mass
spectrometer separates fragments of molecules from 14C3+, which is counted by a sili-
con surface-barrier detector. A multi-beam switcher device in the magnet of the first
mass spectrometer allows to switch four times per second to the measurement of 12C3+
and 13C3+ currents, which are used for normalization. Unknown samples and reference
materials are measured alternately.
AMS measurements of this work were carried out at VERA at the University of
Vienna (Figure 6.1). Comparative measurements were done at a MIni radioCArbon
DAting System (MICADAS) developed and installed at the ETH Zurich (Synal et al.
(2007), Figure 6.2).
6.1.1. Vienna Environmental Research Accelerator
The AMS facility VERA (Vienna Environmental Research Accelerator) went into op-
eration in 1996 at the Faculty of Physics of the University of Vienna (Kutschera et al.,
1997). 14C measurement routines applied at VERA are described in Priller et al. (1997).
The pelletron accelerator has a nominal maximal voltage of 3MV and was built by Na-
tional Electrostatics Corporation, Middleton, USA (model 9SDH-2). Procedures for
14C measurements at VERA are well-established and reliable (Steier et al., 2004; Rom
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Figure 6.1.: The Vienna Environmental Research Accelerator (VERA), the Ac-
celerator Mass Spectrometry (AMS) facility in Vienna, Austria (situation in May
2008).
et al., 1998). The setup of VERA for heavy isotopes is described in (Vockenhuber
et al., 2003). Within this work all graphitized sample material was analysed at VERA
utilizing a cesium sputter negative ion source (Ferry, 1993; Middleton, 1983). Two ion
sources of this kind are installed at VERA (source 1 and source 2). Ion beam and mea-
surement characteristics when working with these cesium sputter sources are described
in section 6.2.1.
14C measurements at VERA are subdivided into turns, runs and cycles. Within one
cycle a 12C3+ and 13C3+ current reading is done as well as 14C3+ ions are counted for
212.5ms. The total of 1000 consecutive cycles measured on one single AMS target is
called a run. A turn comprises typically one run from each target mounted into the
AMS sample wheel. The total of all turns is called measurement.
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Figure 6.2.: The MIni radioCArbon DAting System (MICADAS) installed at the
ETH Zurich, Switzerland. The overall dimensions are 2.5 × 3m2 (Figure from
Lukas Wacker, personal communication, 2010).
6.1.2. MIni radioCArbon DAting System (MICADAS)
The mini radiocarbon dating system was developed and built at the Laboratory of Ion
Beam Physics of the ETH Zurich. It is based on a vacuum insulated acceleration unit
that uses a 200 kV power supply to generate acceleration fields in a tandem configura-
tion. The ions with the charge state C1+ are selected for analysis at the high energy
side of the accelerator setup - in contrast to the VERA setup where the state C3+ is
used. Interfering molecules of mass 14 are mainly destroyed in collisional dissociation
(Synal et al., 2000). The setup of the MICADAS system is described in detail in Synal
et al. (2007). A gas inlet system can be coupled to the negative ion Cs sputter source
integrated into MICADAS. This allows to measure 14C/12C ratios in samples prepared
as a gas mixture of He and CO2. The gas inlet system is described in Ruff et al. (2007).
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Figure 6.3.: AMS target geometry of µg-size graphite samples. Graphite is spread
over a  1mm area which is placed in a hole of 1mm depth inside a  1.8mm Cu
cylinder which is placed inside a standard Al sample cathode. Outer dimensions of
the Al sample cathode are  5mm × 7mm.
6.2. AMS target characteristics
6.2.1. Graphite AMS measurement
Graphite AMS target geometry
CO2 graphitization was carried out on a Fe catalyst which was pressed beforehand into
the AMS target made of Cu. The Cu AMS target which was of smaller dimensions than
standard graphite cathodes used at VERA was placed into standard sample holders used
for mg-size graphite samples (Figure 6.3). The sample holders were then mounted into
a cathode wheel holding a total number of 40 AMS targets (Figure 6.5).
The catalyst was commonly pressed into a  1mm hole with a depth of 1mm. Differ-
ent AMS target geometries varying between  0.5mm and  1.5mm holes with depths
between 0.5 and 2mm were tested for optimization of the graphite sputter efficiency. No
significant differences could be observed regarding the total negative ion yield (Figure
6.7).
Sputter efficiency and ion currents of µg-size graphite AMS targets
Negative ion currents 12C− from µg-size graphite targets observed during the first
10min of sputtering were mostly in the range of 1.0 ± 0.5 µA/µg C. Santos et al.
(2007a) observed similar ion currents for small samples. At VERA 10 µg C targets were
typically used up (12C− < 1 µA) after about 15min of sputtering (Figure 6.6). The
combined yield of both graphitization and ionization was typically between 1 and 10%
for samples of about 10 µg C (Figure 6.7). Measurement characteristics (i.e. negative
ion current and ionization yield) of small samples with different AMS target geometry
did, in contrast to observations made by Yokoyama et al. (2010), not significantly
deviate from values obtained with the standard sample geometry. A tendency to lower
but longer lasting negative ion currents was observed for targets in which graphite
was located in a deeper bore in the sample holder. Figure 6.7 shows the cumulative
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Figure 6.4.: SEM overview image of a Cu insert of a µg-size graphite AMS target.
The Cu cylinder has an outer diameter of 1.8mm. The iron catalyst with sample
graphite is located inside the Cu sample holder in a 1mm bore. SEM imaging was
performed by Matthias Kucera, Vienna Institute for Archaeological Science (VIAS).
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Figure 6.5.: Photography of µg-size graphite AMS targets mounted into an alu-
minum sample wheel. The iron catalyst with the actual graphite sample is located
inside a Cu pin (Figure 6.4), which is mounted into standard AMS sample cathodes
and a target wheel. Target 0, 1, 5, 10 and 20 are mg-size graphite samples used for
AMS tuning purposes.
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Figure 6.6.: Typical 12C - ion current of a 10 µg C graphitized AMS target (blue).
The 12.5 s-averaged 13C3+/12C3+ ratio is plotted in orange, the 12.5 s-averaged
14C/12C3+ (arbitrary units) in green. Sputter time denotes the cumulative time
span the target has been sputtered. Temporal gaps in the plotted negative ion cur-
rent occurred between consecutive runs mainly due to retuning procedures which
typically lasted about 1min. The target was sputtered during this time but the ion
current was not recorded.
graphitization and ionization yield of all completely sputtered AMS targets prepared in
2009 with the standard procedures. The yield was determined from the current integral
over the cathode lifetime and from the graphite mass. The graphitization yield was
calculated from the pressure drop observed during the graphitization reaction. This
pressure difference agreed within 20% with the value expected from the CO2 mass for
all samples shown in Figure 6.7. The observed variations in the cumulative yield are
relatively large and do not correlate with the graphite target geometry. These findings
suggest that matrix or ion source parameters not under control so far have a major
influence on the ionization yield. It should be noted that for a few small samples a
graphitization and ionization efficiency of more than 20% was observed.
6.2.2. CO2 AMS measurement
The gas inlet system developed at the ETH Zurich allows gaseous radiocarbon mea-
surements of small samples down to 1 µg carbon (Ruff et al., 2010b). Sample CO2 is
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Figure 6.7.: Ionization and graphitization yield of small CO2 samples with different
graphite target geometry. XX/YY denotes diameter/depth in 1/10 mm of the bore
inside the Cu AMS target in which iron oxide was pressed.
   
 
                 
             
              
               
             
               
  
              
                
                  
             
                
              
               
   
               
                   
                   
               
                 
                  
       
 
                
                   
                 
                  
                
                 
                   
                
                
                
            
 
Figure 6.8.: Gas ion source target consisting of an aluminum cap (black) and a
titanium insert (red), where the gas enters the sputter region via a simple slit in the
titanium surface (Figure from Ruff et al. (2007)).
isolated and welded in glass vials. Within an evacuated ampoule cracker the sample
vial is broken and CO2 is flushed into a syringe by means of He. A mixing ratio of
5% volume CO2 is adjusted. The syringe is connected to the AMS ion source by a 2m
fused silica capillary (60 µm inner diameter). He and CO2 is injected into the ion source
with a constant flow rate of 36 µl/min at standard temperature and pressure. The AMS
target consists of a titanium insert in an aluminum cap (Figure 6.8). The He - CO2
gas mixture enters the cap through a hole at the side and streams onto the titanium,
where it is sputtered by Cs+ through a 1mm hole in the front of the aluminum cap
(Ruff et al., 2007). It seems that He does not impair the C- formation.
A total number of 30 samples of about 10 µg C were measured as CO2 during compar-
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Figure 6.9.: 12C− current (blue diamonds) and 13C/12C (orange bars) during a
CO2 14C AMS measurement of 8 µg carbon at the MIni radioCArbon DAting System
(MICADAS) installed at the ETH Zurich, Switzerland (Figure from Lukas Wacker,
personal communication, 2011).
ative 14C measurements of samples with different 14C content (section 9). Typical 12C−
ion currents were in the range between 5 and 10 µA. Further improvements of the gas
ion source setup meanwhile allow to reliable produce ion currents of about 14 µA from
gaseous carbon samples. Typical ion current characteristics and development during a
measurement of a 8 µg C sample is shown in Figure 6.9.
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7. Carbon background coming from sample preparation
and 14C AMS measurement
7.1. Carbon background in sample transfer water
While biomedical sample materials are likely to be available in solution (e.g. DNA),
materials of archaeological interest are predominantly solid. However also for µg-size
solid sample material handling of the water-suspended samples using pipettes turned
out to be advantageous. This makes a drying procedure for all samples necessary as a
preparation step before combustion. The purity of the water used to dissolve or handle
sample material of µg C size plays an important role. Typically 0.5 ml water were
freeze-dried together with the sample material of interest. The amount of CO2 , mea-
sured inside the graphitization reactors, coming from freeze-drying and combustion of
0.5ml water without any sample material showed a significant dependency on the water
quality. Table 7.1 shows carbon background in the graphitization reactor coming from
freeze-drying and combustion of different qualities of water. Ultra-pure DNase/RNase-
free distilled water was purchased from GIBCO®. Ultra-pure water samples were filled
into cleaned glass sample vials for transfer from a collaborators laboratory. Rinsing this
sample vials with ultra-pure water before filling them resulted in a significant reduction
of carbon background. An acidity of pH3 was made for one water type by adding HCl
to prevent CO2 absorption from air. This however did not show a significant reduction
of the carbon background mass. A total number of 6 to 11 samples were measured of
each kind of blank material. As a quality control measure, water blank materials were
freeze-dried and combusted in parallel to DNA samples. The resultant carbon back-
ground masses produced by the latest sample preparation protocol were too small for
graphitization and 14C AMS measurement. Table 7.2 shows the results from the quality
control of DNA sample freeze-drying and combustion by carbon quantification of water
blank materials. All samples were filled into sample vials at the Karolinska Institute
and shipped to Vienna. w/o wash or washed denotes whether additional cleaning of the
sample vials was performed before filling samples. All sample handling was restricted
to within a laminar airflow box to avoid carbon background by dust particles from the
laboratory atmosphere.
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Table 7.1.: Carbon background in graphitization reactor coming from freeze-drying
and combustion of different qualities of water.
0.5ml CO2 in graphitization reactor
(µg C)
deionized bi-distilled laboratory water (no storage) 0.20 ± 0.10
ultra-pure water kept in not rinsed cleaned vials 0.25 ± 0.06
ultra-pure water kept in rinsed cleaned vials 0.08 ± 0.06
ultra-pure water kept in rinsed cleaned vials (pH3) 0.06 ± 0.03
Table 7.2.: Quality control of DNA sample freeze-drying and combustion by carbon
quantification of water blank materials.
0.5ml CO2 in
Date ultra-pure graphitization F14C σF14C
water reactor (µg C)
pH 6 1.3 0.500 0.026
pH 6 0.4
pH 6 0.4 0.385 0.041
pH 6 0.5 0.645 0.037
Nov 2008 pH 6 0.9 0.750 0.048
pH 6 0.9 0.412 0.069
pH 6 0.4
pH 6 0.9 0.742 0.024
pH 6 2.2 0.560 0.021
pH 6 0.8 0.864 0.037
Apr 2009 pH 6 2.5 0.982 0.019
pH 6 0.5 0.598 0.033
pH 6 1.0 1.020 0.032
May 2009 pH 6 0.5 0.485 0.064
Major changes in sample preparation procedures:
combustion with bottled oxygen and freeze-drying at graphitization unit.
pH 6 0.25
Jul 2009 pH 6 0.15
pH 6 0.25
Introduction of new sample vials for transportation Stockholm - Vienna.
pH 6, w/o wash 0.25
pH 6, w/o wash 0.16
pH 6, w/o wash 0.28
pH 6, washed 0.06
Aug 2009 pH 6, washed 0.16
pH 6, washed 0.07
pH 6, washed, 1h incubation < 0.451
pH 6, washed, 1h incubation 0.27
pH 6, washed, 1h incubation 0.19
pH 6, washed, 72h incubation 0.21
64
7.2. Study of carbon background with an RGA and 13C enriched material
Table 7.2 continued.
0.5ml CO2 in
Date ultra-pure graphitization F14C σF14C
water reactor (µg C)
Aug 2009 pH 6, washed, 72h incubation 0.36
pH 6, washed, 72h incubation 0.19
pH 6, w/o wash 0.20
pH 6, w/o wash −0.01
pH 6, w/o wash 0.30
pH 6, w/o wash 0.24
pH 3, w/o wash 0.03
Sep 2009 pH 3, w/o wash < 0.351
pH 3, w/o wash 0.09
pH 3, w/o wash 0.08
pH 3, washed < 0.81
pH 3, washed 0.07
pH 3, washed 0.12
pH 3, washed 0.03
pH 3, washed 0.02
Nov 2009 pH 3, washed 0.09
pH 3, washed 0.05
pH 6, welded 0.07
Jan 2010 pH 6, washed 0.10
pH 6, washed 0.04
pH 6, washed 0.15
Jul 2010 pH 6, washed 0.04
pH 6, washed 0.05
pH 6, washed 0.14
Nov 2010 pH 6, washed 0.14
pH 6, no transport 0.06
pH 6, washed 0.13
Jan 2011 pH 6, washed 0.05
pH 6, washed 0.00
1 A precise determination of the carbon mass was not possible for 3 water blank materials
due to failures of the graphitization reactor pressure sensor electronics, upper limits for the
carbon mass are stated for this samples only.
7.2. Study of carbon background with a residual gas analyzer
(RGA) and 13C enriched material
Liebl et al. (2010a) describes this method in more detail. This section gives additional
details to the DNA sample material properties and applies a more detailed evalua-
tion. The progress in reduction of the amount of carbon background, measured by this
method, is shown in Figure 7.1.
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Figure 7.1.: Determination of carbon background introduced during sample prepa-
ration by RGA and AMS measurements on small samples enriched in 13C. Sample
numbers are ordered chronologically and show the progress in background reduction.
7.2.1. Carbon background of freeze-drying and combustion of DNA sample
material
Carbon background during freeze-drying and combustion can be investigated by pro-
cessing isotopically labelled 13C DNA. To make the evaluation of background as precise
as possible a 13C isotopic abundance very different from the one of 13C in laboratory
carbon background was aimed for. The natural 13C abundance in carbon is in the
order of 1%, this 13C abundance is also assumed to be present in laboratory back-
ground. Therefore a very high degree of 13C enrichment was used. Materials with 13C
abundances > 98% are commercially available.
When determining the isotopic ratio 13CO2 / 12CO2 with the RGA in the product
from freeze-drying and combustion of isotopically labelled 13C DNA it becomes possible
to estimate the amount of laboratory background within the resultant CO2.
Calculation of laboratory carbon background using 13C sample material
It is assumed that the 13C abundance of the 13C labelled sample material denoted as
asample and of the unknown background, abkgd, are known. It is also assumed that these
abundances are reflected in the CO2 after freeze-drying and combustion of the two
contingents originating from the labelled sample material and the background carbon.
12/13Csample and 12/13Cbkgd denotes the number of the respective 12C and 13C atoms from
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Figure 7.2.: Ion currents in a typical RGA measurement of the ratio 13CO2 : 12CO2
(mass 45 : mass 44) of CO2 originating from freeze-drying and combustion of 3 µg
13C genomic DNA. Small amounts of CO2 were let in the RGA by a metering valve
between t = 20 and 65 s.
DNA sample material and from carbon background within the CO2 in the graphitization
reactor, produced by freeze-drying and combustion of DNA enriched in 13C.
asample =
13Csample
13Csample + 12Csample
and abkgd =
13Cbkgd
13Cbkgd + 12Cbkgd
(7.1)
The ratio 13CO2 / 12CO2 denoted as btotal can be determined by the use of a residual
gas analyzer (RGA) (Figure 7.2) but also, once the CO2 is graphitized, by means of
AMS.
btotal =
13CO2sample + 13CO2bkgd
12CO2sample + 12CO2bkgd
=
13Csample + 13Cbkgd
12Csample + 12Cbkgd
(7.2)
The total number of carbon atoms within the regarded CO2 is
Ctotal = 13Csample + 13Cbkgd + 12Csample + 12Cbkgd . (7.3)
The total number of carbon atoms from laboratory background is
Cbkgdtotal = 13Cbkgd + 12Cbkgd . (7.4)
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The number of carbon atoms in the graphitization reactor related to laboratory back-
ground can be calculated using equations 7.1, 7.2, 7.3 and 7.4. Ctotal can be derived
from the resultant CO2 pressure in the graphitization reactor after freeze-drying and
combustion of the sample material. Since the equations above and a measured pressure
describe ratios and an absolute number of atoms it is not necessary to consider for the
mass difference of 12C and 13C atoms. The total amount of carbon background in the
graphitization reactor is then given as
Cbkgdtotal = Ctotal
btotal (asample − 1) + asample
(btotal + 1) (asample − abkgd) . (7.5)
13C DNA test material for carbon background determination
13C isotopically enriched genomic DNA from Ralstonia eutropha H16 was found to be
commercially available and is chemically most similar to human genomic DNA. A batch
of 10mg DNA in aqueous solution was received from the company Silantes, Munich,
Germany (lot number DNA-CN-0906-01). The genome of Ralstonia eutropha H16 con-
sists of 7 416 678 basepairs and has a Guanine-Cytosine content of 66.3% (Pohlmann
et al., 2006). DNA concentration and purity of the Ralstonia DNA was confirmed
by HPLC and UV absorption spectroscopy at 230, 260 and 280 nm wavelength (sec-
tion 4.5). Absorption ratios measured by the manufacturer were: A260/A280 = 1.74
and A260/A230 = 2.23 at a DNA mass concentration of 2.67mg/ml. UV absorp-
tion spectroscopy of a dilution of the original sample material (3.8 µl DNA sample +
96.2 µl bidistilled water) at the Karolinska Institute returned UV absorption ratios of
A260/A280 = 1.75 and A260/A230 = 2.09. The DNA mass concentration determined
was 87.6 µg/ml, being lower than the nominal concentration of 101.5 µg/ml based on
the manufacturers UV absorption measurement results. The absorption spectrum of
the diluted sample is shown in Figure 7.3. Similar variations in DNA concentration of
aqueous solutions when shipping diluted DNA samples were observed at lower DNA
concentrations during the NIST DNA quantification study conducted in 2005 (Kline
et al., 2005).
HPLC analysis of a second dilution of the original sample material (10 µl DNA sample
+ 190 µl bidistilled water) detected a protein contamination of 6.4% of the DNA mass.
These measurements were conducted at the Karolinska Institute in Stockholm two
months after the 13C isotopically enriched DNA was delivered. The diluted sample
material was shipped in polypropylene vials from Vienna to Stockholm.
Amounts of carbon background introduced during freeze-drying and combustion cal-
culated from the results of processing 13C DNA sample material are given in Table 7.3
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Figure 7.3.: UV absorption spectra of diluted 13C Ralstonia eutropha H16
genomic DNA sample material. Measured attenuation ratios are: 230 nm,
10mm path: A-230= 0.840; 260 nm, 10mm path: A-260= 1.753; 280 nm 10mm
path: A-280= 1.004. The absorbance ratios calculate to A-260/A-280= 1.75,
A-260/A-230= 2.09 and the DNA concentration to 87.6 ng/µl. Measurements were
performed by Olaf Bergmann, Karolinska Institute Stockholm, 2009-08-04.
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and suggest an overall carbon background of about 0.1 − 0.2 µg C for the smallest
samples processed.
7.2.2. Chemical yield during freeze-drying and combustion of DNA
Only if the background during freeze-drying and combustion is known, the chemical
yield of the sample processing can be correctly assessed. The chemical yield is de-
termined via the resultant CO2 pressure which is the sum of background and sample
CO2. The volume of the graphitization reactor is measured before sample material is
loaded into the reactor to enable the calculation of the respective carbon mass (section
5.4.1). The efficiency of freeze-drying and combustion of DNA material, ηL+CDNA , can
be determined by comparing the initial DNA sample mass, mnominalDNA, determined
by means of UV absorption spectroscopy at 260 nm wavelength (section 4.5), with the
obtained CO2 in the graphitization reactor, mCO2 in graphitization reactor, which needs to be
corrected for the background, mbackground in graphitization reactor (equation 7.6)
ηL+CDNA =
mCO2 in graphitization reactor − mbackground in graphitization reactor
mnominalDNA
. (7.6)
Results of such measurements are listet in Table 7.3.
7.2.3. Carbon background of graphitization of µg-size CO2 samples
AMS 13C/12C measurements of graphitized targets enriched in 13C
CO2 from freeze-dried and combusted 13C DNA was graphitized after its 13C/12C ratio
was determined with the RGA. Comparing the 13C/12C ratios of the respective graphite
targets measured with AMS allows to estimate the carbon background introduced dur-
ing graphitization and AMS measurement, based on the previously made assumption
that any carbon background will be of natural isotopic abundances. The respective re-
sults are presented in Table 7.3. The 13C/12C ratios measured with AMS agree with the
RGA measurement suggesting that no major background is introduced during graphiti-
zation and AMS measurement. No indication for any carbon background incorporated
into the graphite AMS targets during graphitization was observed. An upper limit of
0.1 µg C for the amount of background introduced can be derived from the measurement
uncertainties.
Recombustion of graphitized samples enriched in 13C
In spring 2010 14C AMS measurements of ’dead’ carbon blank material suggested car-
bon backgrounds in the µg C range for µg-size graphitized samples. It was found, that
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Table 7.3.: Carbon background and yield assessment during freeze-drying and com-
bustion using 13C DNA sample material and an RGA.
13C/C in original DNA solution: 0.98
13C/C in laboratory background: 0.01
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090715_13C_3 3.0 1.7 4.9±0.8 5.0±0.1 0.47 0.17 0.25
090715_13C_100 100.0 107.5 9.8±2.9 25.1±0.3 1.05 3.32 2.03
090717_13C_10 10.0 8.4 6.9±0.5 8.3±0.1 0.76 1.02 0.76
090717_13C_5 5.0 5.0 6.2±0.2 7.6±0.1 0.90 0.61 0.49
090717_13C_3 3.0 4.8 3.5±0.2 3.9±0.1 1.31 0.90 0.91
090721_13C_3a 3.0 3.8 9.8±1.0 6.6±0.1 1.12 0.26 0.44
090721_13C_3b 3.0 3.5 7.2±0.5 7.9±0.1 1.05 0.23 0.33
090721_13C_2 2.0 2.6 6.2±1.1 6.5±0.1 1.15 0.20 0.31
090915_13C_R1 1.0 0.7 5.6±0.4 1.12 0.09
090915_13C_R2 0.8 0.7 4.7±0.1 1.05 0.11
090915_13C_R3 1.0 0.9 7.7±0.4 1.15 0.09
100720_13C_A 1.0 0.9 3.0±0.3 0.63 0.21
100720_13C_B 1.0 1.68 1.0±0.1 0.78 0.83
100720_13C_C 1.0 1.14 2.2±0.3 0.73 0.34
100721_13C_A 1.0 0.8 1.4±0.2 0.43 0.34
100721_13C_B 1.0 0.76 1.4±0.2 0.41 0.31
100721_13C_C 1.0 0.94 1.3±0.2 0.50 0.40
100723_13C_A 1.0 0.51 1.4±0.2 0.28 0.21
100723_13C_B 1.0 0.52 1.7±0.2 0.30 0.19
100723_13C_C 1.0 0.72 1.4±0.2 0.40 0.29
101109_13C_B 2.0 0.70 6.8±0.2 0.30 0.08
101109_13C_C 2.0 2.19 8.5±0.2 0.92 0.19
110212_13C_A 2.0 1.90 18±1.0 0.85 0.06
110212_13C_B 2.2 2.16 18±1.0 0.87 0.07
110212_13C_C 1.8 2.04 7.8±0.5 0.94 0.20
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Table 7.4.: Combustion and graphitization carbon background measurement using
CO2 enriched in 13C and an RGA.
13C/C in original CO2: 0.93
13C/C in laboratory background: 0.01
CO2 in CO2 in 13CO2 /12CO2
graphitization graphitization RGA measurement Carbon background
Sample ID reactor before reactor after result of CO2 from in CO2 from
graphitization combustion combustion combustion
of graphite of graphite of graphite
(µg C) (µg C) (µg C)
100517_p_A 3.1 2.5 0.4 1.93
100517_p_B 3.8 1.8 10.5 0.03
100517_p_C 2.5 1.0 0.9 0.55
Replacement of O-rings in vacuum valves which were accidentally cleaned with isopropanol.
100525_p_A 2.5 1.2 10.0 0.03
100525_p_B 1.8 0.8 7.0 0.05
100525_p_C 1.7 0.6 9.0 0.02
O-rings inside the vacuum valves of the graphitization apparature had been acciden-
tally cleaned by soaking in isopropanol. The observed ’modern’ carbon background
which was about 10 times higher than before was contributed to this. A combustion
and graphitization carbon background measurement using an RGA and CO2 highly
enriched in 13C (coming from combustion of 13C glucose), which was graphitized and
recombusted to CO2, allowed to confirm this suspicion and to proof the recovery of
previous background conditions after replacing all O-rings in the graphitization appa-
rature within several days. CO2 from combustion of graphitized 13CO2 was subjected
to RGA measurements (Table 7.4). The determined 13CO2 /12CO2 ratios allowed to
evaluate the cumulative carbon background from combustion and graphitization. In 3
measurements the average carbon background with new O-rings in place was observed
to be 34 ± 13 ng. For this investigation 3 13CO2 samples were graphitized on Fe catalyst
powder which was recombusted inside the graphitization reactors. The graphitization
reactors were not vented at any time.
7.3. 14C background of graphitization and AMS measurement
Background of ’modern’ carbon (F14C = 1.00 ) introduced during graphitization, target
cathode handling and storage and 14C background in the AMS measurement of small
carbon samples can be determined by graphitization and AMS measurement of ’dead’
carbon (F14C = 0.00 ) CO2. CO2 from Linde Gas Austria with a purity of ≥ 99.9993%
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Figure 7.4.: Results from 14C AMS measurements of graphitized dead carbon
CO2. AMS raw data (diamonds) and results corrected for a constant background
of 30 ± 38 ng ’modern’ C (open circles, uncertainties are not displayed in favor of
clearness) are shown. The solid line represents the expected 14C/12C ratio for a
background of 30 ± 38 ng ’modern’ carbon. The dashed line indicates the 1σ range
for the expected AMS results.
was filled directly into the graphitization reactors from a gas bottle. The results of these
AMS measurements is shown in Figure 7.4. The ’modern’ carbon background which
was assumed to be of a constant amount was determined by a weighted least square
fit (James and Roos, 1975). The nominal F14C of the CO2 was assumed to be 0.0002.
The data is best described by a background of 30 ± 38 ng ’modern’ carbon. The 14C
background introduced during sample pretreatment and combustion was investigated
by sample preparation and 14C AMS measurement of two µg-size graphite splinters (19
and 66 µg C). The measurement results were F14C= 0.00529 ± 0.00052 and F14C=
0.00322 ± 0.00019 respectively, corresponding to an overall ’modern’ carbon (F14C=
1.00) background of 0.1 and 0.2 µg.
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7.4. Carbon background from the AMS system
In contrast to the finding of processing 13C which did not allow to detect a carbon
background in the AMS measurement (< 0.1 µg C), it is possible to deduce a car-
bon background of the AMS system (mostly the ion source) from the dependency of
measured 14C/12C ratios on the 12C3+ current. A dependency of the 14C/12C ratios
measured for different runs on the same target with different average 12C3+ ion current
could be seen in most of the measurements. Least square fitting (James and Roos,
1975) of the measurement data from single turns (section 6.1.1), in order to minimize
deviations of background corrected single turn results from total measurement results,
allowed to determine a background carbon ion current and its 14C content (Figure
7.5). An average 12C3+ background current of 142 ± 144 nA (skewness γ1 = 1.4) with
F14C= 0.26 ± 0.48 (γ1 = 2.5) was determined. The unusually high background cur-
rent from the AMS measurement erv0018 (measurement ID) and the unrealistic F14C
value of the background current from erv0034 were excluded as outliers to calculate this
average. Table 7.5 shows the carbon background currents coming from the AMS system
in measurements of graphite targets at the microgram level. Background currents and
their respective F14C are listed for measurements at VERA between August 2008 and
December 2010. Turnwise AMS results from erv0038, in which a carbon background ion
current of 183 ± 33 nA with F14C= 0.43 ± 0.12 from the AMS system was observed,
are shown in Figure 7.6. A correlation between carbon background currents and ion
source cleaning or the use of two different ion sources could not be observed (Figure
7.7 and 7.8).
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Table 7.5.: Carbon background currents coming from the AMS system in measure-
ments of graphite targets at the microgram level.
AMS Bkgd σ(bkgd F14C of σ(F14C of Ion Date of Preceding
measure- current current) bkgd bkgd source measure- ion source
ment ID (q= 3+, (q= 3+, current current) (section ment cleaning
nA) nA) 6.1.1)
erv0018 1048 65 0.0000 0.0004 1 5-Aug-2008 7-Jun-2008
erv0019 129 18 0.0700 0.1300 1 4-Nov-2008 4-Sep-2008
erv0020 166 66 0.0000 0.0043 1 6-Nov-2008 4-Sep-2008
erv0021 116 208 0.0000 0.0036 1 23-Feb-2009 11-Feb-2009
erv0022 54 87 0.0000 0.0002 1 10-Mar-2009 11-Feb-2009
erv0023 0 1 1.0000 540000 1 3-Apr-2009 16-Mar-2009
erv0024 53 20 0.2200 0.2200 2 22-May-2009 18-May-2009
erv0025 21 13 0.0000 0.0034 2 10-Jun-2009 18-May-2009
erv0026 78 141 0.0000 0.0800 1 12-Jun-2009 16-Mar-2009
erv0027 110 134 0.0000 0.0009 1 25-Aug-2009 16-Mar-2009
erv0028 271 593 2.0000 1.8000 2 3-Sep-2009 18-May-2009
testOct09 470 66 0.7200 0.0250 2 2-Oct-2009 18-May-2009
erv0029 511 117 0.8090 0.0650 1 30-Oct-2009 16-Oct-2009
erv0030 167 23 0.0000 0.0002 2 16-Nov-2009 3-Nov-2009
erv0031 57 31 0.0000 0.0002 1 20-Nov-2009 16-Oct-2009
erv0032 0 1 0.2000 6.6000 2 15-Jan-2010 3-Nov-2009
erv0033 142 31 0.0220 0.040 1 16-Jan-2010 16-Dec-2009
erv0034 0 1 99.000 36.000 1 26-Feb-2010 16-Dec-2009
erv0035 165 23 0.1810 0.0550 1 7-Mar-2010 16-Dec-2009
erv0036 422 11 0.0309 0.0045 1 7-May-2010 16-Mar-2010
erv0037 0 1 0.0000 0.0000 1 10-Jul-2010 16-Mar-2010
erv0038 183 32 0.4300 0.1100 1 1-Aug-2010 29-Jul-2010
erv0039 42 13 0.0000 0.0003 2 20-Sep-2010 13-Aug-2010
erv0040 31 15 0.0033 0.0880 1 21-Sep-2010 29-Jul-2010
erv0041 215 43 0.2400 0.1500 2 1-Dec-2010 13-Aug-2010
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Figure 7.6.: Carbon background from the AMS system in the measurement erv0038
unveiled by a current dependency of measured 14C/12C ratios evaluated for sin-
gle sample wheel turns. Datapoints of the same colour and shape indicate turn-
wise evaluated results from the same sample cathode. Horizontal lines indicate
the averaged result, based on a background current correction of 183 ± 32 nA with
F14C= 0.43 ± 0.11. Cathode graphite masses of the samples shown are between
2.3 and 5.2 µg C except for the cathode plotted as golden filled diamonds which has
a graphite mass of 12.2 µg C.
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7.5. Sample preparation under argon
Graphite targets were prepared in an argon glove box to investigate incorporation of
carbon background from laboratory air into graphite AMS targets. The used argon
glove box with a gas regeneration system which provided water and oxygen removal was
further equipped with an activated charcoal trap to remove volatile organic compounds
and a tube filled with NaOH to trap CO2. The CO2 concentration in the working
gas was cryogenically determined to be below 5 ppmv. Catalyst preparation, sample
handling and graphite AMS target storage was carried out inside the argon glove box.
For catalyst preparation iron powder was combusted in a closed quartz vial under
oxygen. The closed tube was transferred into the glovebox. The iron oxide powder was
pressed into Cu holders and loaded into the graphitization reactor assemblies - detached
from the graphitization apparatus and also taken into the glovebox - under argon. Also
the graphitized samples were removed from the graphitization reactors and mounted
into the AMS sample wheel inside the glove box. An air-tight container for the sample
wheel and a plastic glove bag around the ion source allowed to transfer and to mount
the sample wheel into the AMS Cs sputter source under argon. With these procedures
contact of sample material with laboratory air was avoided at any time throughout
processing. To assess a possible contamination introduced by the iron oxide catalyst
when prepared in laboratory air, ’dead’ carbon CO2 was graphitized both onto catalyst
prepared in the glove box, and conventionally in laboratory air.
The contamination introduced already by handling graphite in laboratory air was in-
vestigated by AMS measurements of the 14C background of geological graphite prepared
under argon and in laboratory air. Geological graphite was obtained from the graphite
mine Graphit Kropfmühl AG in Kropfmühl, Bavaria, Germany. To exclude carbon
contamination from on-site sampling a solid untreated piece of graphite ore (circa 1 kg)
was delivered to the laboratory. Graphite samples were prepared by splitting this rock
and scratching graphite from the fracture surface. Graphite chips of several mg were
pressed into AMS target holders made of aluminum.
AMS 14C measurement results from geological graphite prepared under laboratory air
and under argon are shown in Table 7.6. The graphite sample graphlab_1 was powdered
under air before being pressed into an AMS target holder. The 14C background of
graphite samples prepared under argon was reduced by about 50 % from the background
observed for samples prepared under air. The measurement result F14C= 0.000063 ±
0.000014 is the lowest 14C/12C ratio measured at VERA and gives an upper limit for
the AMS machine background. Results from graphitized ’dead’ carbon samples showed
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Table 7.6.: 14C AMS measurement results for geological graphite samples prepared
under argon and under air.
Sample Preparation F14C σ(F14C) RC age σ(RC age)
ID atmosphere (years BP) (years BP)
graphbox_1 Ar 0.000100 0.000037 73990 3710
graphbox_2 Ar 0.000090 0.000024 74830 2490
graphbox_4 Ar 0.000063 0.000014 77700 2020
graphbox_5 Ar 0.000113 0.000037 73000 3190
graphlab_1 air, powdered 0.000170 0.000027 69720 1390
graphlab_2 air 0.000133 0.000054 71700 4180
graphlab_3 air 0.000294 0.000052 65320 1560
no significant 14C background reduction when contact with laboratory air was avoided
as described above. This finding is surprising. An increase in contamination was even
observed if vacuum tubing is temporarily opened and its inner surface is exposed to
laboratory air. This effect was most clearly observed by the significant background
reduction when modifying the sample preparation setup to allow freeze-drying and
combustion without disconnecting the sample vial from the graphitization unit (section
5.3.2 and Table 5.2). Nevertheless an argon glove box cannot improve the carbon
background of µg-size samples at this stage of development. Preparing samples inside
a laminar air flow box is currently adequate (Liebl et al., 2011a; Mair, 2011).
7.6. 14C AMS measurement of DNA of neurons of known age
Applying sample preparation and measurement procedures to sample material of known
14C content allows to determine the carbon background introduced during all steps of
sample preparation involved. For bomb peak dating of human DNA it is possible to
investigate background issues by processing DNA samples from cells of known age. For
this purpose neuronal cells from the human cerebellum were chosen. It is known that
neuron generation takes place in the cerebellum around birth (Carletti and Rossi, 2008;
Ábrahám et al., 2001). Cell nuclei from human cerebellum were sorted for neurons and
DNA of neuronal cell nuclei was extracted like described in Spalding et al. (2005a). DNA
extraction was carried out under clean room conditions. The DNA mass in solution
was determined by UV absorption spectroscopy. Carbon background was determined by
weighted least squares fitting (James and Roos, 1975) of 14C AMS measurement results
versus nominal 14C contents using a straightforward model for carbon background (see
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below). The nominal 14C content was assigned to the DNA samples of known age by
averaging tropospheric 14CO2 data from personal communication with Ingeborg Levin
(2011 and 2008); Levin et al. (2010, 2008); Levin and Kromer (2004); Reimer et al.
(2004a) over a time lag of 1.4 ± 1.0 years between 14C production in the atmosphere
and uptake by humans (Wild et al., 2000; Nydal et al., 1971; Broecker et al., 1959). The
uncertainties of these nominal values were assumed to be larger for birth dates during
bomb peak periods with a more rapid changing 14C/12C ratio. This was achieved
by assigning an uncertainty proportional to the standard deviation of the values in
the assumed uptake interval. The proportionality factor was determined in the fitting
calculation in a way that χ2red becomes 1 when comparing background corrected results
with nominal data. Nominal 14C/12C ratios expected for DNA of human cells with
known birth date and no turnover are plotted in Figure 7.9.
The background was represented using a model which involves the possibility of a
constant amount of ’dead’ (F14C = 0.00) and ’modern’ (F14C = 1.00) carbon back-
ground, which may be added on one hand to the aqueous DNA solution (dDNAdead and
dDNAmodern), but also to the sample CO2 (mCO2) in the graphitization reactor (dCO2dead
and dCO2modern). Furthermore a carbon background of the DNA solution proportional
to the DNA mass (mDNA) was assumed. This background was mathematically split
into one ’dead’ (F14C = 0.00) and one ’bomb’ (F14C = 2.00, slightly above the maximal
14C/12C ratio in tropospheric CO2 during the bomb peak era) contribution to allow for
residual contamination with proteins with F14C > 1.00 (kDNAdead and kDNAbomb). The
background correction was calculated as stated in equation 7.7 and 7.8.
F14C(CO2) =
F14C(AMS) × (mCO2 + dCO2dead + dCO2modern)− dCO2modern
mCO2
(7.7)
F14C(DNA) = 1mDNA
×
{
F14C(CO2) × [mDNA × (1 + kDNAdead + kDNAbomb)+
+dDNAdead + dDNAmodern ]− dDNAmodern − 2 × mDNA × kDNAbomb}
(7.8)
F14C(AMS) denotes the AMS measurement result, F14C(CO2) the 14C/12C ratio of the
sample CO2 (without background) and F14C(DNA) the 14C/12C ratio of the DNA.
The mathematical separation of a DNA mass proportional and a CO2 mass propor-
tional background is only possible if the yield of the combustion is different among the
samples used for fitting. This was the case for processed DNA calibration samples from
neurons from the human cerebellum.
The overall (i. e. tissue sampling, cell nuclei extraction, cell sorting, DNA extraction,
DNA solution shipping and handling, freeze-drying, combustion, graphitization and
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Figure 7.9.: Expected nominal 14C content of DNA of human cells with known
birth date and no turnover (pink line, uncertainty grey shaded). A time lag of
1.4 ± 1.0 years (Wild et al., 2000; Nydal et al., 1971; Broecker et al., 1959) was
used for this calculation. Atmospheric 14C data points from personal communication
with Ingeborg Levin (2011 and 2008); Levin et al. (2010, 2008); Levin and Kromer
(2004); Reimer et al. (2004a) are plotted in blue.
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7. Carbon background coming from sample preparation and 14C AMS measurement
AMS measurement) carbon background was determined by fitting AMS results from 17
DNA samples from neurons of the human cerebellum of known age to nominal 14C data.
The AMS results from 2 samples (V50335 and V50349 ) were rejected as outliers since
their background corrected 14C/12C ratios did not agree within 2σ with the expected
respective nominal ratios. Sample data from DNA samples from neurons from the
human cerebellum and 14C measurement results are listed in Table 7.7.
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7. Carbon background coming from sample preparation and 14C AMS measurement
The background parameters determined by the 14C measurement of DNA of neurons
of known age from the human cerebellum are:
dCO2dead = 0.19 ± 0.03 µg C (7.9)
dCO2modern = 0.00 ± 0.00 µg C (7.10)
dDNAdead = 0.00 ± 0.00 µg C (7.11)
dDNAmodern = 0.00 ± 0.00 µg C (7.12)
kDNAdead = 4.1 ± 1.9 % of the DNA carbon mass (7.13)
kDNAbomb = 4.7 ± 2.6 % of the DNA carbon mass (7.14)
The background parameter correlations are as followed:
global dCO2dead dCO2modern dDNAdead dDNAmodern kDNAdead kDNAbomb
dCO2dead .00311 1.000 −.002 .000 .000 −.001 −.00
dCO2modern .78860 −.002 1.000 −.002 −.002 −.133 −.426
dDNAdead .00401 .000 −.002 1.000 .000 −.002 −.002
dDNAmodern .00584 .000 −.002 .000 1.000 −.001 −.002
kDNAdead .96406 −.001 −.133 −.002 −.001 1.000 .920
kDNAbomb .97015 −.001 −.426 −.002 −.002 .920 1.000
(7.15)
The latter DNA mass proportional contribution corresponds to a carbon background
with F14C = 1.07 ± 0.13 and 8.8 ± 4.4% of the DNA carbon mass, most likely
consisting mainly of proteins. The protein carbon content can roughly be assumed to
be the average of the 21 amino acids, which calculates to 44%. The DNA carbon mass
proportional background contribution can then be understood as a contamination with
proteins of 6.6 ± 3.7% of the DNA mass. This result agrees with typical protein
impurities observed for µg-size DNA samples. HPLC analysis of samples with less than
10 µg C from DNA typically identifies protein contaminations of about 5% of the DNA
mass. Furthermore the results suggest that the 14C content of the protein contamination
corresponds to recent tropospheric 14CO2 data. The determined constant amount of
carbon background added to the CO2 inside the graphitization reactor agrees well with
investigations using 13C DNA sample material. AMS 14C measurement raw results,
background correction and nominal 14C/12C ratios of the samples processed are shown
in Figure 7.10 and 7.11.
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Figure 7.10.: 14C measurement results for 15 DNA samples from cerebellum neu-
rons of known age. The AMS raw results are shown as diamonds (violet). The AMS
results corrected for background (section 7.6) are plotted as circles (blue). The nom-
inal 14C/12C ratio of the DNA, based on the known birth dates of the individuals
(section 7.6) are displayed as triangles (green).
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Figure 7.11.: 14C AMS results for different amounts of DNA of cerebellum neurons
of known age. Displayed is the difference between AMS data ((a) raw, (b) corrected
for background) and nominal 14C content, ∆ F14C = F14C(AMS) - F14C(nominal).
Absolute nominal F14C data were in the range between 1.11 and 1.65 (Figure 7.10).
The three largest uncertainty intervals come from a large uncertainty of the respec-
tive nominal values derived from a birth date during 1963.
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7.7. Carbon background of µg-size DNA samples for 14C AMS: an
overview
The carbon background introduced into µg C-size samples plays an important role for
the overall 14C measurement precision (section 5.1). Different strategies have been
applied to test the carbon background introduced during various sample preparation
steps (previous sections). Figure 7.12 gives an overview of the results from different
kinds of background investigations. The level of agreement of the results of these
independent measurements suggests a good level of understanding of carbon background
sources.
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8. AMS sample preparation and measurement
efficiencies of µg-size DNA samples
When working with carbon samples in the µg range, efficiencies during sample prepa-
ration and AMS measurement processes directly affect the overall precision of a 14C
measurement result. The uncertainty arising from carbon background correction be-
comes more dominant the smaller the actual graphite sample mass is. For samples in
the µg C range uncertainties from carbon background corrections are in most cases
limiting the overall precision of a measurement, even though the precision of the AMS
result itself plays an important role too. Typical sample preparation efficiencies for the
application of bomb peak dating human neurons are listed in Table 8.1. The required
amount of sample to achieve 2500 14C-detection events in an AMS measurement is ex-
pressed in number of cells, amount of DNA and CO2. Figure 8.1 shows the theoretically
required sample mass for a specific AMS raw result precision and some actually reached
measurement precisions. The overall sample preparation and measurement sensitivity
allows to approximately detect one 14C atom in an AMS measurement of the genomic
DNA from about 500 human neuronal cells (F14CDNA = 1.00). Since there is about
one 14C atom in 10 cells (section 3.2), this means an overall efficiency of 10/500 = 2%.
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Figure 8.1.: Lines show a roughly estimated theoretical limit (Poisson counting
statistics) of the AMS 14C measurement raw result precision for DNA and graphite
sample masses in the µg C range based on Table 8.1. Datapoints show precisions
reached for raw AMS 14C measurement results for actually measured samples. Un-
certainties from normalization to standards and scattering of measurement results
from different turns of the sample wheel result in lower measurement precisions than
expected from counting statistics.
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9. Comparing 14C AMS measurements of 10µg C for
CO2 and graphite samples
Comparative 14C AMS measurements of CO2 samples in the 10 µg C range were con-
ducted at a MICADAS AMS system at the ETH Zurich (Ruff et al., 2010b) and at
VERA. A total number of 80 samples were measured as CO2 with a gas ion source
at the ETH Zurich or as graphite targets at VERA. Influences coming from effects of
carbon background from sample preparation were avoided by splitting CO2 with un-
known 14C content from organic material. Three aliquots were prepared from each CO2
sample (total sample mass > 150 µg C). One aliquot of about 100 µg C was graphitized
at VERA whilst two smaller aliquots of about 10 µg C were welded into DURAN® glass
vials. The two smaller aliquots were randomly allocated to a measurement either as CO2
at the ETH Zurich or as graphite at VERA. AMS results of comparative measurements
of graphite and CO2 samples are shown in Figure 9.1. All measurement results are listed
in Table 9.1. 14C measurement results were regarded as outliers when the outcome of
one measurement series did not match within 2σ with the outcomes of the other two
measurement series. In total 5 outliers were identified (sample index 5, 7, 19, 22, 25) and
excluded from further analysis. Measurement precisions of 10 µg C samples are typically
1% and confirmed by a χ2 test (χ2red(VERA large graphite/ETH) = 0.63, χ2red(VERA
large/small graphite) = 1.29, χ2red(VERA small graphite/ETH) = 1.08). Dead carbon
blank material results for graphitized samples are F14C= 0.0002 ± 0.0001 (for 100 µg
C) and F14C= 0.0023 ± 0.0005 (for 10 µg C), for measurement of CO2 typically
F14C= 0.01 (for 10 µg C). No indication for an additional carbon background from
graphitization was seen.
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Figure 9.1.: Results of comparative 14C AMS measurements of 10 µg carbon sam-
ples with different unknown 14C content. Measurements were conducted at a
MICADAS AMS facility at the ETH Zurich and at VERA. Displayed are also mea-
surement results of 100 µg carbon samples measured at VERA. Samples 1 - 21 are
CO2 from organic material with different F14C. Samples 22 - 26 are CO2 from
IAEA C-3 standard material.
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10. 14C AMS measurements of µg-size DNA samples
from a DNA dilution series
A series of diluted DNA samples was processed to assess the suitability of the developed
preliminary AMS sample preparation protocols (status autumn 2009) for measuring µg-
size DNA samples without involving time-consuming and costly sample preparation of
human tissue to a large extent. It was decided to produce samples by splitting a large
amount of DNA which was extracted from human cerebellum cell nuclei (neurons +
non-neurons) from a person born in 1943. DNA extraction and splitting of the DNA
samples was done at the Karolinska Institute in Stockholm, samples were shipped to
Vienna in pre-cleaned and baked glass vials in ultra-pure water with an acidity of pH
3 to avoid CO2 absorption from air. Table 10.1 shows DNA sample sizes and 14C
AMS measurement results. The AMS raw results were corrected for a constant graphi-
tization reactor carbon background, dCO2dead = 0.19 ± 0.03 µg ’dead’ carbon (F14C
= 0.00 ), section 7.6. The correction for a contamination of the samples with pro-
teins is negligible since the protein contamination was observed to be <1 % for DNA
extractions resulting in several hundred µg DNA. Figure 10.1 shows the background
corrected results plotted against the sample size determined in the graphitization re-
actors. The uncertainty-weighted average F14C of the background corrected results is
0.9667 ± 0.0070. A 14C/12C ratio close to the atmospheric F14C from 1943 is expected
for DNA of cerebellum cells from a person born around 1945, since most of the cells in
the human cerebellum, both neurons and non-neurons, are generated at birth (Carletti
and Rossi, 2008). The calibration curve IntCal09 (Reimer et al., 2009) states a radio-
carbon age of 188 ± 8 years for the calendar year 1945. This equals to an atmospheric
F14C of 0.9769 ± 0.0010.
99
10. 14C AMS measurements of µg-size DNA samples from a DNA dilution series
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00
1.05
1.10
1.15
0 1 2 3 4 5 6 7 8
mass CO2 (μg C)
F1
4 C
single AMS measurement results
averaged AMS measurement results
atmospheric reference data
Figure 10.1.: 14C AMS measurement results of a series of diluted DNA from the
human cerebellum corrected for a carbon background of 0.19 ± 0.03 µg ’dead’ car-
bon. Plotted uncertainties arise from AMS measurement result uncertainties and
the carbon background uncertainty. The single AMS measurement results are plot-
ted as blue diamonds, the averaged AMS measurement results as a blue line and the
atmospheric reference data as a green line.
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Table 10.1.: 14C AMS sample preparation and measurement results of a series of
diluted DNA from the human cerebellum.
VERA KI mDNA mCO2 F14C σF14C F14C σF14C
ID ID µg C µg C AMS AMS background background
corrected corrected
V50306a O41 1.5 0.9 0.704 0.055 0.875 0.079
V50306b O43 4.5 2.1 0.903 0.054 0.992 0.061
V50306c O44 3.1 1.6 0.933 0.029 1.058 0.041
V50306d O45 4.7 2.5 0.869 0.016 0.941 0.021
V50306e O46 9.3 3.5 0.919 0.023 0.971 0.026
V50306f O47 9.0 4.4 0.833 0.016 0.871 0.018
V50306g O48 5.3 2.6 0.962 0.026 1.035 0.031
V50306i O50 9.0 3.9 0.954 0.016 1.003 0.019
V50306j O51 12.9 5.7 0.948 0.016 0.981 0.017
V50306k O52 13.7 6.2 0.978 0.020 1.009 0.021
V50306l O53 18.7 6.4 0.934 0.017 0.963 0.018
V50306 0.9667 0.0070
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Part III.
Results and Discussion
“The disappointment of learning that a discovery is false hardly subtracts at all from
the elation you feel while you believe it to be real.”
Luis Alvarez, US physicist (1911 - 1988; Nobel Prize in Physics 1968)
(Alvarez, 1987, p. 235)

11. 14C bomb peak dating cells from the human brain
11.1. 14C AMS measurements of DNA samples from cells from the
human brain
14C AMS measurements of DNA samples from human brain cells at the microgram level
were conducted in collaboration with the Department of Cell and Molecular Biology of
the Karolinska Institute (KI) in Stockholm. The potential of the developed methods
is demonstrated by 14C measurements of DNA quality control samples from human
cerebellum neurons and first scientifically interesting applications: bomb peak dating
of DNA of neurons from the human olfactory bulb, DNA of cells from the subventricular
zone and DNA of brain tumor cells. Sample data and 14C measurement results of DNA
samples of cells from the human brain are shown in Table 11.1. Sample information
on DNA samples of neurons, non neurons and not sorted cells from the olfactory bulb
(OB), neurons of the cerebellum, cells from a tumor and the subventricular zone and
of lymphocytes are listed. The stated nominal 14C/12C ratios are calculated according
to section 7.6 assuming cell generation at birth and no cell renewal throughout life.
Nominal 14C/12C ratios for split cerebellum DNA samples stated in brackets are the
result from a 14C measurement of a larger split of the same DNA sample (VERA ID:
V50341, KI ID O120, 130 µg C, F14C= 1.6164 ± 0.0204). Nominal 14C/12C ratios for
DNA samples from lymphocytes correspond to recent 14C/12C ratios in tropospheric
CO2.
All measurements were accompanied by background reviews carried out in parallel to
the processing of DNA samples of which the 14C/12C ratio was of interest. This effort
was deemed necessary due to the importance of carbon background corrections (section
7) for 14C AMS measurements of samples at the microgram level. Carbon background
measurements were conducted regularly with water blank materials (Table 7.1), 13C
enriched DNA and an RGA (Figure 7.3), splits of one larger DNA sample and with
DNA samples of cerebellum neurons (Figure 11.1). 14C raw AMS measurement results
were corrected for carbon background according to section 7.6. The AMS measurement
result for a DNA sample of human cerebellum neurons from an individual born in
November 1963 (VERA ID V50407 ) does not agree with the expected 14C/12C ratio
105
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calculated from atmospheric CO2 data. Even though the applied model for calculating
nominal isotopic carbon ratios assigned a relatively large uncertainty in F14C of 0.14
to this sample. The uncertainty of the 14C/12C ratio of food consumed recently before
and during 1963 therefore likely needs to be regarded to be significantly larger. DNA
of cells from individuals born close to 1963 are therefore not applicable for 14C bomb
peak dating.
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11.2. 14C bomb peak dating cells from the human olfactory bulb
11.2.1. The human olfactory system
Press release from the Nobel Foundation, October 2004, Nobel Foundation (2004): “The
sense of smell long remained the most enigmatic of our senses. The basic principles
for recognizing and remembering about 10,000 different odours were not understood.
Richard Axel and Linda B. Buck have solved this problem and in a series of pioneering
studies (Buck and Axel, 1991) clarified how our olfactory system works. They discov-
ered a large gene family, comprised of some 1,000 different genes (three per cent of
our genes) that give rise to an equivalent number of olfactory receptor types. These
receptors are located on the olfactory receptor cells, which occupy a small area in the
upper part of the nasal epithelium and detect the inhaled odorant molecules. Each
olfactory receptor cell possesses only one type of odorant receptor, and each receptor
can detect a limited number of odorant substances. Our olfactory receptor cells are
therefore highly specialized for a few odours. The cells send thin nerve processes di-
rectly to distinct micro domains, glomeruli, in the olfactory bulb, the primary olfactory
area of the brain. Receptor cells carrying the same type of receptor send their nerve
processes to the same glomerulus. From these micro domains in the olfactory bulb the
information is relayed further to other parts of the brain, where the information from
several olfactory receptors is combined, forming a pattern” (Nobel Foundation, 2004).
Figure 11.2 illustrates the organization of the olfactory system.
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Figure 11.2.: Odorant receptors and the organization of the human olfactory sys-
tem (Figure from Nobel Foundation (2004)).
Richard Axel and Linda B. Buck received the Nobel Prize in medicine in 2004
“for their discoveries of odorant receptors and the organization of the human olfactory
system”
(Jörnvall, 2008).
Figure 11.3 shows the location of the olfactory bulb in the human brain.
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Figure 11.3.: Illustration of the location of the human olfactory system (marked
yellow). Neuron axons reach through the ethmoid bone which separates the nasal
cavity from the olfactory bulb (Figure from Patrick J. Lynch, Creative Commons
2.5).
11.2.2. 14C AMS measurements of DNA of human olfactory bulb neurons
14C AMS sample preparation and measurements of DNA samples from neurons from
the human olfactory bulb were accompanied by preparation and measurement of DNA
samples from neurons from the human cerebellum of a similar size. For both types
of sample material exactly the same protocols and procedures can be applied. Faults
in single sample preparation batches coming from systematic deficiencies during any
step of sample preparation can thereby be overseen. Furthermore carbon free water
blank materials and DNA splits from one large amount of DNA with known 14C/12C
ratio were processed in parallel to olfactory bulb DNA samples to monitor AMS sample
preparation and measurement. The relatively low number of 14C measurements of
DNA samples from the human olfactory bulb is caused by the large effort involved in
microbiological sample preparation. In average only 1 to 2 DNA extractions out of
10 yield a DNA mass sufficiently large for AMS sample preparation and measurement.
The largest DNA samples of neurons from the human olfactory bulb typically comprised
about 4 − 6 µg C. The respective AMS graphite targets were 2 − 4 µg C. Table 11.1
summarizes the data from DNA samples of the human olfactory bulb as well as of control
samples, and the corresponding 14C AMS measurement results. All 14C measurement
results from individuals of which at least one DNA sample from the olfactory bulb was
measured are plotted in Figure 11.4 (with the exception of section 11.2.5).
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11.2.3. Neurogenesis in the human olfactory bulb
Neurogenesis in the human olfactory bulb was investigated by measuring the 14C/12C
ratios in the genomic DNA of olfactory bulb neurons from 7 human individuals. The
results agree with isotopic ratios expected for cell generation at birth, and no cell
renewal throughout life (χ2red = 1.47). The expected carbon isotopic ratios for no cell
renewal were calculated according to section 7.6.
An upper limit for a constant neuron renewal rate of the olfactory bulb, is then 0.34%
(χ2(7) = 14.07, p = 0.05, 95% confidence interval). Table 11.2 shows the statistical
significance for various upper limits for this cell renewal rate. The measured 14C/12C
ratios of the DNA of human olfactory bulb neurons (cases 07-0861, ND133, ND134,
ND152, 05-1314, ND78 and ND185) are compared to the 14C/12C ratios calculated for
different renewal rates. Uncertainties for all modeled 14C/12C ratios were assumed to be
the same as for no cell renewal. The AMS results fit best to a constant annual renewal
rate of 0.093% (χ2red = 1.28).
The model and measurement uncertainties involved are confirmed by the good agree-
ment of the measurement and model data for the olfactory bulb neurons (χ2red < 1.5)
as well as for the cerebellum neuron control samples (χ2red = 2.17, sample V50407 with
a birth date during 1963 was excluded from this analysis).
The upper limit of 0.34% cell renewal can be compared to the upper limit for neuron
renewal in the human cerebellum determined by stable carbon isotope measurements
of DNA. Slatkin et al. (1985) states a lower limit for the biological half-life of neuronal
DNA in the human cerebellum of 71 years. This corresponds to an annual renewal rate of
0.71% at the same level of statistical significance (p=0.05). The upper renewal limit for
olfactory bulb neurons determined by 14C bomb peak dating is lower by approximately
a factor of 2. The higher sensitivity of 14C bomb peak dating over the sensitivity of
the stable carbon isotope method for invesitgations of this kind is demonstrated by
this. The lower upper limit for the neuron renewal rate could be achieved even though
measurement data from a significantly smaller number of individuals (7 compared to
55) was available for 14C bomb peak dating.
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11. 14C bomb peak dating cells from the human brain
11.2.4. Cell production of non-neurons in the human olfactory bulb
Besides 14C analysis of DNA samples of olfactory bulb neurons also cell blends includ-
ing neurons and non-neurons, as well as DNA samples of olfactory bulb non-neurons
were carried out. Working with cell blends enables higher success rates during DNA
extraction since sample sizes are significantly larger (Table 11.1). The 14C AMS mea-
surement results from DNA samples of unsorted olfactory bulb cells indicate that cell
renewal takes place within this cell blend (Figure 11.4). Since no cell renewal for olfac-
tory bulb neurons was detected, this cell renewal needs to be attributed to non-neurons
of the olfactory bulb. The results from the cell blend samples need to be understood
in agreement with the results obtained from DNA samples from olfactory bulb non-
neurons from 7 individuals, 5 indicating cell renewal during life.
11.2.5. Recent developments in human olfactory bulb investigations
To increase the success rate of cell nuclei and DNA extraction procedures, other tech-
niques to separate DNA of human olfactory bulb neurons are under development. Cur-
rently cell type specific labelling using HuD antibodies is tested. HuD is a neuron-
specific protein (Fornaro et al., 2007). So far, the use of the HuD antibody Klone E-1
was tested to separate neurons from non neurons. It resulted however not only in la-
belling neurons, but also in labelling oligodendrocytes, glial cells in the human brain
(personal communication with Olaf Bergmann, 2011). Sample V50440 - V50444 are
DNA of cell nuclei in which HuD was detected by Klone E-1 (HuD+). 14C AMS mea-
surements of these DNA samples were performed. The measurement results are listed
in Table 11.1 and illustrated in Figure 11.5. Cell renewal after birth was detected for
these cells. Since almost no neuron renewal was detected in the olfactory bulb, the cell
renewal may be allocated to oligodendrocytes, this is however preliminary and needs to
be verified in further investigations. Among these samples is the smallest DNA sample
measured within the current work: V50444, containing 1.5 µg C as DNA and 1.0 µg C
as CO2.
11.3. 14C bomb peak dating human subventricular zone and tumor
cells
14C AMS measurements of one DNA sample of human subventricular zone cells and
two DNA samples from brain tumor cells (not sorted) were conducted. A tumor is an
abnormal growth of cells. The tumor investigated was an astrocytoma (glioblastoma
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Figure 11.5.: 14C AMS measurement results of DNA samples from human ol-
factory bulb cells labelled with the HuD antibody Klone E-1 (HuD+, neurons and
oligodendrocytes, orange triangles) and nominal 14C/12C ratios for cell generation
at birth and no renewal throughout life (black bars).
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multiforme, WHO grade IV). Sample details and measurement results are included in
Table 11.1. Figure 11.6 shows the AMS measurement results for subventricular zone
and tumor cells compared to the nominal 14C/12C ratios for no cell renewal through-
out life. The 14C AMS results for both kind of cells (subventricual zone and tumor)
state that neuron renewal takes place in the investigated tissues. Since data from only
one individual born in 1950 is available, the conclusions that can be drawn under the
assumption that cell renewal is constant throughout life are severely limited. For the
subventricular zone cells a constant annual renewal rate of about 1.0% and 13% is
compatible with the AMS measurement result. Translating the measured 14C/12C ratio
directly into a calendar date results in the statement that cell production took place
between 1999 and 2003 or in 1958. This result is not surprising, since the subventricular
zone in the human brain is associated with the production of neural stem cells. Adult
neural stem cells, the sources of new neurons, were first isolated from the adult human
brain by Kukekov et al. (1999) (Ming and Song, 2005). A more specific quantitative
statement over cell generation in the human subventricular zone requires more 14C/12C
measurements of DNA of such cells.
The AMS measurement results for the DNA samples of tumor cells correspond to
cell production later than 2003. In the case of the tumor from the specific investigated
individual the measured 14C/12C ratios thus allow to withdraw that this tumor most
likely started to grow after 2003.
11.4. 14C bomb peak dating human lymphocytes and granulocytes
The 14C/12C ratios of DNA samples of human lymphocytes and granulocytes (white
blood cells being part of the immune system) of 7 individuals who died in 2009 or 2010
were measured. AMS sample preparation from DNA extraction onwards was identical
to the one applied to neuron DNA samples. It was assumed that the carbon background
for these samples is similar to the background of neuron DNA samples which was deter-
mined by a series of measurements of DNA samples of cerebellum neurons, even though
the cell nuclei separation is different for this kind of cells. The identical background
correction as it was applied to neuron DNA samples was used. Figure 11.7 compares
the AMS measurement results to the current 14C/12C ratio in atmospheric CO2. The
measurement results of both lymphocytes and granulocytes agree independently of the
birth date of the individual investigated with 14C/12C ratios expected in current food
and therefore suggest an annual cell renewal of > 26% (χ2(7) = 14.47, p = 0.043).
The AMS measurement results fit best to an annual renewal rate of 100% (χ2red = 1.09).
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Figure 11.6.: 14C AMS measurement results of DNA samples from human sub-
ventricular zone cells (orange triangles), tumor cells (plum diamonds) and nominal
14C/12C ratios for cell generation at birth and no renewal throughout life (black
bars).
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Figure 11.7.: 14C AMS measurement results of DNA samples from human lym-
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cell generation in 2009 (black bars).
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12. Dating a catgut string from an astronomical clock
with 14C
Several small pieces of catgut string from an astronomical clock with an estimated total
amount of about 190 µg C were 14C dated. The clock Planetenlaufuhr was constructed
by Eberhard Baldewein, Hermann Diepel and Hans Bucher for Elector (“Kurfürst”)
August I of Saxony between 1563 and 1568 (Oestmann, 2010; Poulle et al., 2008). A
picture of the Planetenlaufuhr is shown in 12.1. The catgut string of interest is part
of the actuation system (Figure 12.3). The use of gut strings in such applications was
common in the 16th century, mostly catgut strings were used. In a scientific campaign
including different kind of material investigations it was questioned whether the catgut
of the Planetenlaufuhr in place nowadays is original or was replaced later. There is no
technical indication for a replacement of the gut string. It is however known that the
clock was repaired several times during the last 400 years. No information on the extent
of these repair works is available. To test the reproducibility of the 14C dating method
and to exclude the possibility of an undetected increased carbon background, 7 small
aliquots were prepared independently using different cleaning/pretreatment methods
(Table 12.1). Some aliquots were processed without pretreatment and others with the
ABA (acid-base-acid) method. Sample materials subjected to an ABA pretreatment
were put into 0.5ml 1M HCl and kept at 60°C for 45min, then transferred into 0.5ml
0.1M NaOH and kept at 60°C during 30min. The basicity and duration of the base
treatment was varied since sample material partly dissolved during this step. Alter-
native applied treatments were 0.5ml 0.01M NaOH for 30min at 60°C or 0.5ml 25%
NH3 for 15 to 35 hours at room temperature. Samples were put into 0.5ml 1M HCl
for 30min before being freeze-dried and combusted. A total number of 9 small pieces
from a catgut string were differently pretreated and underwent a 14C AMS measure-
ment. Seven samples were pretreated successfully. Sub-samples were measured in two
independent measurement campaigns to assess systematic uncertainties. The agree-
ment of the results with and without pretreatment suggests that no abnormal carbon
background was introduced into the samples. AMS results were normalized to IAEA-
C3 standard material which was processed in parallel to the catgut samples and blank
corrected for graphite which also underwent the same sample preparation procedure.
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Figure 12.1.: Eberhard, Baldewein, Hans Bucher, Hermann Diepel: Planetenlau-
fuhr, 1563-1568 (Figure from Royal Cabinet of Mathematical and Physical Instru-
ments, Staatliche Kunstsammlungen Dresden).
The 14C content of the catgut sample was determined to be F14C = 0.9662 ± 0.0045
(Table 12.1). This equals a radiocarbon age of 276 ± 37 years, and after calibration
with INTCal09 (Reimer et al., 2009), results in a 90% probability that the sample is
older than 1669 cal AD (Figure 12.2).
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Table 12.1.: Results of 14C AMS measurements at VERA on small aliquots of a
catgut sample from an astronomical clock built by Eberhard Baldewein between 1563
and 1568.
VERA ID sample amount of carbon δ13C F14C
pretreatment in graphitization
reactor (µg C) (per mill)
V50328a ABA with NH3 12.7 −20 ± 3 0.9547 ± 0.0082
V50328b ABA with NH3 14.8 −20 ± 2 0.9476 ± 0.0082
V50328c no pretreatment 20.9 −21 ± 2 0.9682 ± 0.0072
campaign A total −20 ± 1 0.9579 ± 0.0062
V50328d ABA with NH3 8.7 −19 ± 4 0.9530 ± 0.0140
V50328e ABA with NaOH 29.4 −28 ± 2 0.9700 ± 0.0061
V50328f ABA with NH3 32.4 −25 ± 2 0.9723 ± 0.0054
V50328g no pretreatment 36.7 −28 ± 2 0.9652 ± 0.0063
campaign B total −26 ± 2 0.9686 ± 0.0033
total result of all samples pretreated with ABA 0.9641
total result of all samples without pretreatment 0.9665
V50328 total result (all 7 aliquots) 23 ± 3 0.9662 ± 0.0045
Figure 12.2.: Calibration of the 14C AMS measurement result obtained from small
pieces of catgut string from the actuation system of the Planetenlaufuhr built by
Eberhard Baldewein between 1563 and 1568 (Calibration with OxCal v4.1.7 using
atmospheric data from Reimer et al. (2009), Figure from OxCal v4.1.7).
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Figure 12.3.: The catgut string in the actuation system of the Planetenlaufuhr
(coupling component between going barrel and worm gear for spring force compen-
sation) has a diameter of 3.6mm and a length of 2.96m. It is in good condition
and fully functional. It shows signs of usage and contamination with dust and old
lubricants. The sample invesitgated was taken from the end of the catgut string at
the worm ratchet wheel EU 4-9. A significantly lower grade of contamination was
observed at this site. The sampling site is indicated with red color (Figures from
Christian Neelmeijer, personal communication, 2011).
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13. 14C AMS measurement of DOC and POC fractions
from Alpine ice core samples
Deploying glacier archives for investigations of climate and environmental changes re-
quires to establish an absolute chronology for glacier ice. For cold mountain glaciers
and other cold ice bodies, like miniature ice caps, ground ice or cave ice, the use of
stratigraphical standard dating methods are limited to the past some hundred years
or are not applicable at all. Radiocarbon dating would be the obvious tool to partly
overcome these dating problems. Sample carbon masses for this application however
are usually very small (Jenk et al., 2009; Steier et al., 2006). Whithin the PhD thesis
Radiocarbon microanalysis on ice impurities for dating of Alpine glaciers of Barbara
May from the Institute of Environmental Physics of the University of Heidelberg (May,
2009) samples from organic impurities from ice cores drilled to the bedrock at the high
Alpine glacier Colle Gnifetti (Monte Rosa, 4550m.a.s.l.), and from the lower altitude
Vadret dal Corvatsch ice cap (Upper Engadin, 3433m.a.s.l.) were processed. Further-
more organic carbon was extracted from cave ice from the Eisriesenwelt cave (Austria).
This comprises particulate organic carbon (POC) as well as dissolved organic carbon
(DOC), which was extracted from ice sample material and combusted at the Institute
of Environmental Physics of the University of Heidelberg. Graphitization of sample
CO2 and 14C AMS measurements were carried out at VERA.
The carbon background introduced during glacier ice sample preparation into organic
carbon samples outweighs the background introduced during CO2 graphitization and
AMS measurement. Therefore already at an early stage of development such samples
were processed concomitantly to the development of the graphitization and 14C AMS
measurement methods for small samples.
In a total of 143 CO2 samples prepared from organic and particulate carbon fractions
of Alpine glacier ice cores were measured. Sample CO2 masses ranged from 0.9 to 182 µg
C with an average sample size of 35 µg C. 14C measurement results were within 0.13 <
F14C< 1.20. The 14C measurement uncertainties reached are shown in Figure 13.1.
The sample preparation procedures applied for the measurements of these samples are
slightly different from the ones presented in the method section, because these organic
carbon samples were measured before the systematic investigations were completed.
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Sample collection and preparation procedures for ice samples and interpretation of
the results are not part of the current dissertation. Results from 14C analysis of POC
and DOC from Alpine glacier ice are described by May (2009). Her thesis abstract
states: “14C analysis of organic carbon from ice from the Colle Gnifetti glacier and at
the Vadret dal Corvatsch ice cap reveals a quite significant 14C excess, not explained by
any blank contribution and in contrast to the expected age range. The hypothesis that
in situ produced 14C might contribute to the 14C content of dissolved organic carbon
reveals strong short comings in applying this carbon fraction for radiometric dating
of glacier ice, but also the new possibility to infer past accumulation changes. The
particulate fraction, mostly unaffected by excess 14C, allows to connect an upper age
limit of (7.5 ± 0.2) ka with the base of the Vadret dal Corvatsch, suggesting a minimal
glacier extent during that time. For the Colle Gnifetti drill sites a tentative upper age
constrain indicates pre-Holocene ice remains in the basal layer, while an enhanced 14C
profile in the dissolved organic carbon fraction at core bottom suggests a large in situ
produced 14C contribution most likely as a result of low accumulation during much
colder periods.”
14C measurement results from cave ice samples from the Eisriesenwelt cave are pub-
lished by May et al. (2011) and allowed for an estimation of an overall mean annual ice
layer thickness, which extrapolated to the cave bottom, provides a hypothetical basal
ice age.
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Figure 13.1.: 14C AMS measurement uncertainties of small CO2 samples from
dissolved and particulate organic carbon from an alpine glacier ice core.
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14. Summary and Outlook
The aim of this PhD thesis was to develop adequate sample preparation and AMS mea-
surement methods to allow 14C bomb peak dating of genomic DNA of human olfactory
bulb neurons at a precision that allows to study neurogenesis in this region of the human
brain. The main challenge of this task lies in the small carbon mass of such samples
which is typically about 5 µg C (DNA). Carbon background introduced into graphite
AMS targets during routine sample preparation protocols ruled out measurements of
such samples at the microgram level in the past.
Emphasis was put on the reduction of the carbon background introduced into graphite
AMS targets during the complete sample preparation of DNA samples from neurons
of the human brain. AMS sample preparation protocols for 14C AMS measurements
down to below 3 µg C (CO2) graphitized samples have been developed at VERA at
the University of Vienna. At the final stage of development a 14C AMS measurement
precision of about 2.5 % was reached for ’modern’ samples (F14C= 1.00) of about 3 µg
graphite mass.
A comparision of graphite and CO2 radiocarbon AMS measurements of 10 µg C sam-
ples measured at the VERA facility and at a MICADAS accelerator setup with a gas
ion source at the ETH Zurich was conducted. The results support 14C measurement
precisions of 1 % for ’modern’ samples at both laboratories for samples of this size.
14C AMSmeasurement and sample preparation protocols for genomic DNA of neurons
of the human brain were developed at the Department of Cell and Molecular Biology of
the Karolinska Institute in Stockholm. Due to the importance of the reduction of carbon
background, introduced into AMS targets during the complete sample preparation, for
the overall 14Cmeasurement precision not only AMS sample preparation but also sample
treatments at an earlier stage of sample preparation needed to be investigated. This
required close collaboration of both laboratories during all measurements conducted.
DNA extraction procedures carried out at the Karolinska Institute were moved into a
clean room to fulfill carbon background requirements.
Carbon background reduction developments were amongst other techniques moni-
tored by means of materials enriched in 13C and a residual gas analyzer. Carbon back-
ground introduced during graphitization of CO2 was reduced to 30 ± 38 ng ’modern’
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carbon and < 100 ng ’dead’ carbon (F14C= 0.00). The background introduced during
freeze-drying and combustion of sample material was about 0.2 µg ’dead’ carbon at the
final stage of development. The quality of sample preparation was continuously checked
by the results from DNA control samples from human cerebellum neurons processed in
parallel at all stages of sample preparation.
14C measurements of genomic DNA of neurons from the human olfactory bulb with as
little as 4.6 µg C (DNA) were conducted with an overall 14C/12C measurement precision
of about 2.3 %. The AMS results indicate neuron generation in the human olfactory
bulb primarily at birth. An upper limit for a constant annual renewal rate of neurons
in the human olfactory bulb of 0.34% (χ2(7) = 14.07, p = 0.05, 95% confidence
interval) was determined. The smallest human neuron DNA sample processed was
2.3 µg C (CO2). Its 14C/12C ratio was measured with a precision of 3.5% , including
uncertainties introduced by carbon background coming from sample preparation.
Key steps in AMS sample preparation protocols developed for processing DNA turned
out to be applicable also for the preparation of other sample material of µg C size. The
developed AMS sample preparation protocols were successfully applied for different
other scientific questions: 14C dating of Alpine glacier and cave ice and a catgut string
from an astronomical clock built in the 16th century (Planetenlaufuhr). The importance
of a low carbon background during all sample preparation steps however requires to find
suitable materials for the production of control samples of known 14C content for each
type of sample material.
Interest in 14C measurements of µg C size samples of material with a limited avail-
ability was confirmed, once first successful measurements were conducted. Different
requests from diverse scientific disciplines encourage further development. Potential
applications for example lie in the area of compound-specific radiocarbon analysis of
environmental sample material or 14C dating of highly valuable historical art objects.
Curators of such objects may not allow sampling of material at the milligram level
when this constitutes major damage to such an art object. It however can be expected
that sampling of material at the microgram level will be more often regarded as being
acceptable.
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